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USE OF SHORT FLAT VANES FOR- PRODUCING EFFICIENT WIDE-ANGLE
TWO-DIMENSIONAL: SUBSONIC DIFFUSERS

By D. L. Cochran and S. J. Kline
SUMMARY

An Investigation of the use of flat vanes in two-dimensional sub-
sonic diffusers was made. Using optimum designs of vane installations,
high pressure recoveries and steady flows were obtained for diffuser-
wall divergence angles up to 42°, Criteria for optimum configurations
were developed which indicated that the vanes should be symmetricsally
arranged in the vicinity of the diffuser throat, that the vaide-passage
divergence angle should be approx1mately T7.0°, and that the vanes
should have a certain predictable length dependent upon the diffuser
geometry.

INTRODUCTION

In virtually all systems involving the motion of fluids the need
arises to accelerate or decelerate the flow. In general, a flow accel-
eration (or nozzle process) results in & smooth flow with high effec-
tiveness, low loss, and good velocity profiles. On the other hand,
unless considerable care is taken in the design of the passages involved
a flow deceleration (or diffusion process) almost always results in
unsteady flows with large pulsations, large losses, and highly nonuniform
exlt velocity profiles. Such a condition is not only undesirable in
itself but it also frequently creates even more undesirsble effects on
the performance of downstream components such as compressors and burners.’

This problem becomes particulerly aggravated when a space limitation
is present as, for exsmple, in jet engines. ©Since a given decelerstion
of the flow requires a given area ratio, by continuity, & compact sub-
sonic diffuser must necessarily incorporate large angles of divergence
of the walls, but such geometries are precisely those that create the
most unsteady flow, the largest losses, and the most unpredictable behav- .
ior. Thus, the dilscovery of a means for production of wide-angle §if-
fusers of high performsnce, stable flow, @nd predictable behavior is a
problem of considerable concern. The study of a promising solution to
this problem by the use of well-designed, short, flat venes is one of
the primary purposes of the present investigation.
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The basic cause of the poor flows found in diffusers has been
known for maeny years to lie in the effect of an adverse pressure gradi-
ent (pressure increasing in the direction of the flow) on the boundary
leyer which inevitably occurs on the walls in any real fluid flow. Since
diffusion, by definition, involves an adverse pressure gradient and since
in a2lmost all applications of interest the boundary layer on the walls
is turbulent in character, the problem of. diffuser flows is inextricably
connected with the problem of the flow of & turbulent boundery layer in
an adverse pressure gredlent and, hence, with the problem of stall or
separation. These problems have been the object of a great deal of the-
oretical and experimental effort over the past 50 years, but desplte
this, sufficient understanding has not been gained. Consequently, no
means are avallable for advance theoretical prediction of even the over-
all basic flow pattern that will occur in a given diffuser, and it is
therefore necessary not only to measure performance but also to study
the basic flow mechanisms if any real understanding of diffuser behavior
is to be obtained. Thus, the second principal objective of the present
Investigation 1s to add to the evailable knowledge concerning the flow
mechanisms in diffusers, that 1s, flows with adverse pressure gradients.

Both of these objectives are being pursued as & portion of a con-
tinuing research program in the Mechanicel Engineering Laboratory at
Stanford University. The experimental work on vanes in wide-angle dif-
fusers in itself constitutes a rather' extenslve research program; there-
fore, the emphasis of the present report has been placed on the presenta-
tion of the experimental results, description of the flows, and discussion
of a means for the design of vaned wide-angle diffusers having good flow
characteristics and high performance. This report is based primsrily on
the work of Cochran (ref. 1). Certain additional infarmation concerning
performance calculations and future work is also contained in reference 1.
The present results cover a wide range of geometries but are limited in
respect to inlet Mach number and varistion in both inlet flow geometry
and condltion. Discussion of the flow mechanisms is given as needed,
but it was beyond the scope of the present work to attempt a presenteation
of their details and full implications. However, as an outgrowth of the
experimental results and observations of the continuing overall research
program, Kline has written a report on the topic of basic flow mechanisms
(ref. 25. Reference 2 has been written to integrate with the present
report, and Kiine not only rationalizes the results found in vaned and
unvened diffuser flows but also discusses the entire problem of stall
in terms of two new concepts including the introduction of a new flow
model Which has already been experimentally verifled. The reader who
1s Interested in the more basic aspects of stell and of the flow mecha-
nisms in adverse pressure gradients should refer to reference 2; however,
it 1s suggested that the present report be read first since considerable
reference is made to the material presented herein.

e
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SYMBOLS

Nomencleture involved in diffuser geometry is 1llustrated in
figure 1.

A area, sq ft
a minimim spacling between adjacent vanes, in.
b minimum spacing between diffuser diverging well and
adjacent vane, in.
Cer energy-recovery coefficient, defined by equation (%)
Cpr pressure-recovery coefflicient, defined by equation (1)
c distance from plane of diffuser throat to plane of vane
leading edges, in.
cp specific heat at constant pressure, %%:%%
ft-1b
c specific heat at constent volume, ===
v P " ’ TpoF
Ep kinetic energy, £t-1b
1b
£ length of vanes, in.
G distance between parsllel walls of diffuser, £t
€e constant of proportionality in Newton's second law equation,
1b-£t
1b-sec?
H boundery-leyer shspe factor
Hy, heed loss, 1b/sq £t or in. water

Hy, nondimensional head-loss coefficient, Hy/q
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£t-1b

internal energy, T

correction factor for compressibility effects

ratio of specific heats, cp/cv

length of diffuser diverging wall measured from throat to
exlt, in.

number of vanes
static pressure, 1lb/sq ft

volumetric flow rate, ftJ/sec

dynamic head, p gg—, 1b/sq £t or in. Hy0
- .
Reynolds number

ft-1b
1b-°R

gas constant,

radius of curvature, ft or in.

témperature, °R

free-stream veloclty at edge of boundary layer, ft/sec
local x-direction velocity in boundery layer, ft/sec

local x-dlrection turbulence velocity or time-variant com-
ponent of wu, ft/sec

velocity, f£t/sec

exit veloclty for one-dimensional flow

specific volume, £t2/1b
distance between diverging walls normal to geometric axis of
diffuser, ft .

ft-1b
1b

flow work,
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W weight flow rate, 1lb/sec
X,y length variesbles, £t or in.
o total dlvergence angle between adjacent vanes, deg
A ) = ( )2 - ( )l a change in a variable
(6] boundery-layer thickness, iﬁ.
o}
8% boundary-lsyer displacement thickness, \/; (l - %)dy, in.
o]
§** boundary-leyer momentum thickness, \/; (l - %)% dy, in.
Tp pressure effectiveness, CPR/CPRideal
e half of diffuser total divergence angle, deg
26 diffuser total divergence angle, deg
M viscosity, 1b/hr-ft
p density, 1b/cu £t
L's ' normal to a streamiine, £t or im.
Subscripts:
1 inlet
2 exlt
a | anbient condition
as appreciable stall
av average
¢ center line

L diverging wall length
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max maximum

o outer or stagnation
W throat width

w wall

BACKGROUND INFORMATION

The work reported herein is a direct extension of the work of Moore
and Kline (refs. 3 and.4). A summery of the status of diffuser research
which is pertinent to the present report 1s given in reference b, A
summary of the avallable diffuser design data was given by Patterson
(ref. 5), and a more recent summary of the data appliceble to the pres-
ent geometry was given by Reld (ref. 6). It therefore seems undesirable,
in view of the length of the present report, to repeat these summaries
here. It 1s, however, pertinent to make a few remarks concerning pre-
vious investigations of the governing parameters and the overall patterns
involved. :

Reid (ref. 6) found that the performence of a two-dimensional &if-
fuser was strongly dependent on the total divergence angle and the ratio
of wall length to throat width. He alsoc found that, with length ratio
held constant, flow separation and pulsations occurred as the divergence
angle was increased beyond the point of maximm pressure recovery.
Vedernikoff (ref. Z) obtained stable flows for included angles up to
approximately 1%.0° in a two-dimensional diffuser having a constant
length ratio of 10.0. At larger angles vortices formed first along one
wall and then along the other, the intensity of the vortices lncreasing
as the angle was increased. In addition, Vedernikoff found that the
maximum pressure recovery occurred just prior to the formation of the
vortices. Tults (ref. 8) experimented with an asymmetric two-dimensionsal
diffuser of constant length ratio and also found that, with increase of
angle, the occurrence of maximum pressure recovery very closely preceded
the occurrence of separation. He found further that the angle at which
separation occurred did not depend on the inlet Reynolds number but that
the amount of separation present increased as the angle was increased.
Jones and Binder (ref. 9) investigated the effect of inlet turbulence
intensity in a square diffuser and found that the turbulence level influ-
enced both the veloclty distributions and the diffuser flow patterns. In
addition, they found a complete lack of two-dimensional flow, although the
total divergence angle of their diffuser was only 8.0°. Kalinske (ref. 10)
studied the effect of turbulence in conical diffusers of constant area
ratio. He observed that the effect of turbulence was to produce a
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flattening of the veloclity profiles and that large-scale turbulence
was more effective than fine-grained turbulence.

Moore and Kline (refs. 3 and 4) studled the basic flow mechanisms
in diffusers by using two sizes of water-table units incorporating dye
injection for flow visualization (see fig. 2). They also investigated
a large number of schemes for the production of efficient, wide-angle
diffusers usling various types of vanes and mixing devices for boundary-
layer control. With the exception of aspect ratio, which was shown to
be unimportant, the large water-table unit had the same geometry as the
alr unit used for preliminary tests by Moore and Kline.

Moore and Kline discovered several important new characteristics
of unmodified, plane-wall diffusers. Holding all the inlet flow con-
ditions, the wall length, and the throat width constant, they found
thet four regimes of flow are obtalned as the diffuser dlvergence angle
is increased from 0°. These regimes are illustrated in figure 3 which
shows typical dye trace photographs (reproduced from ref. 4) and a
schematic sketch for each regime of flow. The four regimes are as
follows:

(1) A regime of well-behaved apparently unseparated flow (fig. 3(a)).

(2) A regime of large transitory stall in which the separation
varies in position, size, and intensity with time (fig. 3(p)). (This is
the regime of highly pulsating flows noted by Reid, ref. 6, and others.)

(3) A regime of fully developed stall in which the flow is rela-
tively steady snd follows along one wall of the diffuser (fig. 3(c)).
The major portion of the diffuser is filled wlth a large turbulent
reclrculation region which extends from the diffuser exit almost to the
diffuser throat and is roughly trianguwlar in shspe. The main flow stream
experiences little expanslon in passing through the diffuser; hence,
little pressure recovery 1s obtained in this regime.

(4) A regime of jet flow in which the flow separates from both
walls and proceeds through the diffuser similar to a free jet (fig. 3(a)).

Furthermore, it was found that the divergence angles bounding the dif-
ferent flow regimes are not unigue but, in fact, depend strongly on the
ratio of wall length to throat width and in some instances on the
entering free-stream turbulence level. This is clearly illustrated by
figure 4 which is teken from reference 4. Figure 4 shows the zones of
flow as a function of divergence angle, ratio of wall length to throat
wldth, and inlet free-stream turbulence for constant thin inlet wall
boundary leyers and nearly constant mean inlet veloclty profile. The
effect of a change In free-streem turbulence intensity is shown by
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comparison of the dashed boundary curves with the solid boundary curves.
It should be noted that the definition of the line of appreclable stall,
line as in figure L4, is somewhat subjective. This line was determined
experimentally by Moore and Kline as the locus of angles for which a
transitory stall was first visible using dye injectors of roughly 1/8 Inch
in diameter near the wall of the diffuser. However, later investigations
led to the conclusion that small transitory stalls probably existed at
much lower angles, and thls conclusion has been extended and verified
experimentally in the work described by Kline in reference 2. Conse-
quently, the name "appreciable stall” is now used in referring to the
line aa although it is called "first stall" in references 3 and k4.

Moore and Kline have clearly demonstrated that the flow regime of
g slmple diffuser depends to an important extent on the following param-
eters: (1) Total divergence angle; (2) ratio of wall length to throat
width; and (3) inlet free-stream turbulence. They also concluded that
data availeble from other sources indicated that the character of the
inlet flow, particularly the condition of the boundary layer, also prob-
ably had an important effect on performsnce:. In addition, Moore and
Kline found that variations in throat-width Reynolds number had little
or no effect on flow regime for Reynolds numbers in excess of a few
thousand and also that variations in throat aspect ratio had little or
no effect on flow regime for &ll values of aspect ratios normally
encountered.

The studles of various boundary-leyer control devices in the water-
table work reported by Moore and Kilne indicated quite clearly that short
flat vanes placed somevhat downstream of the throat held more promise
than any of the other devices tested. In one case, apparently unseparsted
flow was obtained at 45.0° in a vaned diffuser which normally, in its
simple form, would have entered the regime of fully developed stall at
ebout 15.0°. Preliminery tests using the air epparatus by Moore and
Kline confirmed the very high promise of such configurations. Good flow
was extended from a typlcal value of 15.0° to 30.00, and the pressure
recovery at 30.0° was increased in one cese-from about 18 percent in the
unvaned unit to approximastely T4 percent in the vaned unit.

The investigation reported herein began at this point. Its primary
purpcse was to exploit the promise found in the work of Moore and Kline
for vaned units. -This includes development of simple design criteria
for such units over a wilide range of geometries and evaluatlion of typical
performance that can be expected using these criteris. The secondary
purpose of the Investigation was to verify and augment the informstion
on the governing perameters, the overall flow regimes, and the baslc
flow mechanisms found by Moore and Kline. The portions of the second
objective dealing with the governing parameters, with the overall regimes
of flow, and with the use of the flow-regime data (shown in fig. 4) for
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design purposes are discussed in this report. The portions dealing with
the basilc mechanisms of the flow are discussed primarily in the report
by Kline, reference 2.

EXPERIMENTAL: APPARATUS

Several views of the experimental apparatus are shown in figure 5,
and e schematic disgrem showing nominal dimensions is given in figure 6.
The complete system, which 1s located in & large room in the Mechanical
Engineering Leboratory, consists of the two-dimenslonal diffuser with
direct entry through a well-rounded nozzle, an outflow through a plenum
chamber, a driving fan, and an exit duct. The diffuser has been oriented
vertically downward to provide the necessary aerodynamic clearance.
Instrumentation is provided to measure flow rate, pressure recovery, and
exlt veloecity profile. In addition, & large number of access holes are
provided for measurement of velocity and pressure profiles throughout
the unit. Weall tufts were used for flow visualization in all runs.

Since the fan suction (G) (see fig. 6) was on one side of the large
plenum chamber (E), a demping screen (F) having an adequate flow resist-
ance was placed normal to the axls of the diffuser in the cross section
of the plenum chamber to prevent skewing the exit flow from the diffuser.
The adapter connecting the fan to the discharge-duct transition piece (I)
was asymmetric in the vertical plane, but this was remedied by placing
an internsl haffle (H) in the adapter. An "egg crate" straightener (J)
was placed in the circular duct immediately downstreem of the transition

plece, and a second egg-crate straightener (L) was located 6% feet down-

stream of the first straightener. The second straightener had been
installed in the duct prior to its use in the present apparatus, but
since it was found to be inadequate the straightener (J) was added.

Four total head tubes (M) and a wall static tap (N) were installed 8 feet
downstream of the first flow straightener. It was necessary to meke
careful veloclity-profile surveys and to use four probes for determining
the flow rate because the discharge duct was not long enough to obtain
established pipe flow. The two sides of a single inclined manometer (K)
were connected to the duct static tap and to the top vertical total-
pressure probe, respectively. This manometer was used in setting the
flow rate. In preliminasry work it was discovered that, because of the
fan speed limit, the straight pipe discharge duct prevented the desired
maximum flow rate from being obtained. This situation was subsequently
remedied by the addition of an available l5°_con1cal diffuser on the duct
exlt, thereby reducing the overall pressure drop sufficiently to enable
the fen to produce the desired maximum flows.
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An adjustable sliding total-pressure rake (V), consisting of two
rows of seven Kiel probes each, was Installed in the two-dimensional
plenum chamber (B). Kiel probes were used because of the large flow
inclination obtained for wide-angle diffuser settings. The exit rake
was operated by a push rod (U) extending through a bushing in the east
end of the plenum chamber. The rake was used in this investigation to
obtain an approximate quantitative distribution of the flow in the dif-
fuser exit plane and not to determine total-head-loss coefficients.

Pressures were measured with a 33-column, back-light menometer-
board (C) and were recorded photographically with & 35-millimete. camera.

A discussion of the more important components of the test apparatus
is glven below in grester detail.

DETAILS OF DIFFUSER CONSTRUCTION

The diffuser was formed from two parallel, l/2-inch-thick Plexiglas
walls and two diverging aluminum walls 1/2 inch thick. '

The diverging walls consisted of a plane section 24 by 24 inches
ending in a semicylindrical sectlion having an outside radius of

h% inches (see fig. T(a))}. They were surface ground and polished resulting

in a finished unit having a smooth surface and a gradusl transition in
curvature from the semicylindrical section to the plane section. The
shape of these walls and the menner in which thelr pivot shafts are
secured in the adjustable sliding pillow blocks are shown in figures T(a)
and T(b). The l-inch-diameter steel pivot shafts were attached concen-
trically with the curvature of the cylindrical section so that the dif-
fuser angle could be adjusted without materially altering the inlet
geometry .

The five rows of fitiings attached to each diverging wall can be
seen in figure T(b). The two outer rows were not used in the present
investigation. The other three rows each consist of 22 T-shaped alumi-
num plugs distributed from the viecinity of the throat to the trailing
edge of the diverging wall. A cross-sectlonal dlagram showing the con-
struction of these plugs and the ways in which they are used is given
in figure 8. It should be noted that these plugs were securely fastened
to the aluminum walls by means of & smell machine screw and that thelr
butt ends were surface ground simultaneocusly wilth the main plate forming
a smooth continuous surface. The longitudinal positions of the plugs
are given in table I. The middle row is centered in the wall and the
other two are located 6 inches from the edges of the plate. This large
number of fittings was installed in the diffuser to provide adequate
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flexibility for test work in the unit; it was not intended that the
fittings would a2ll be used simultaneously.

The detalls of both the diffuser and the plenum-chamber side walls
are also shown in figure 7. The diffuser side walls are 2L inches wide,
extend to a height approximately 9 inches above the tangent plane of the
diffuser entrance lips, and terminate in a semicircular arc of gbout
1 foot radius. Fittings, similar to those described for the diverging
walls, are arranged along the vertical center line; their longitudinal
positions are given in table II. Identical fittings were symmetrically

arranged on a S/h-inch pitch along a horizontal line l% inches below

the top edge of the plenum-chamber side walls. These fittings were used
for the measurement of the exit static pressure because the diffuser

height could be adjusted to meke the diffuser exit plane coincide with

the plane of the fittings; the cornermost fittings were used for each angle
setting.

A1l sliding and fixed joints were sealed with a gasket material
approximately 1/32 inch thick. The gaskets between the parallel and
diverging wells also served the purpose of providing the vane end
clearance necessary to manipulate the clusters in the diffuser.

DETAILS OF VANES AND CLUSTERS

The vanes were fabricated from 24-inch widths of 12-gage sheet
steel (0.110 inch thick). - Sets of five vanes each, in lengths of 3, 6,
9, 12, and 15 inches, were manufactured with each set consisting of one
center vane and four outer vanes. A dlagram showing the end detail of
the venes is given In figure 9. Because of the short length of the
3-inch vanes, it was necessary to add an extension to the center vane
in order to obtain good allnement in the diffuser. Assemblies of typi-
cal vane clusters are shown in figure 10, and a typical diffuser vane
installation is shown in figure 11(a). It is noted that serodynamic
smoothness has been sacrificed for mechanicael flexibility in the vane
holding mechanisms because a considerable latltude of vane adjustment
was required. A dlagram of the vane supporting hooks is given in fig-
ure 11(b). Two of these hooks were inserted in each parallel wall in
place of the appropriate aluminum plug. The position of a cluster,
relative to the diffuser, was adjusted in the following ways: (1) Sliding
the diffuser side wall, thus centering the cluster with respect to the
diverging wells, (2) sliding the supporting hooks in the side-wall holes,
thus centering the cluster with respect to the side walls, and
(3) adjusting the hook position in the center vane slots, thus obtaining
the desired axial location. (The cluster could be moved the distance of
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the pitch of the plugs in this menner.) A pair of side braces, which
held the clusters in a firm and centered position during flow conditions,
can be seen on the diverging wells in figure 11(a).

The clusters were bench assembled using 1/8-inch-diameter steel
rods for the mein supporting dowels in the upper holes in the vane ends;
l/l6-inch—diameter steel welding rods were used to support the vanes in
the lower end holes and in comparable upper and lower holes in the vane
centers. The rods were rigidly clamped in the vanes by means of small
set screws and, when the vanes were adequately adjusted, the butt ends
of the rods were ground flush with the outer vane surfece. The angle
between adjacent vanes was set uslng accurately cut sheet steel tem-
plates, and the throat spacing between adjacent vanes was set using a
palr of micrometer adjusted calipers. The vane throet spacing and the
vane divergence angle could be adjusted to 0.0l inch and 10.25°,
respectively, on an average throughout a particular cluster.

The limited confines of the diffuser prohibited any significent
vane adjustment while the clusters were in the diffuser; consequently,
when adjustments were desired it was necessary to remove the clusters.
Access to the clusters was obtained by swinging the west wall of the
diffuser outward through an angle of approximately 180°.

EXPERIMENTAT. METHODS

MEASURING FLOW RATE

The flow unsteadiness and three-dimensional effects that occurred
in meany of the nonoptimum diffuser configurations made it undesirable to
attempt measuring the flow rate in the diffuser itself; instead, the flow
rate was measured in the downstream end of the discharge duct. In order
to obtain relisble results, an accurate calibration of the duct under a
variety of conditions was made. For this purpose the diffuser was set
at a divergence angle 26 of 7° to insure smooth flow, and then the
flow conditions described in table III were studied. A flow-rate uncer-
tainty anslysis was made using these experimentsl results. In this
analysls the followlng factors were consldered: (l) The uncerteainty
involved in representing all the expected veloclty profiles by an aver-
age profile, (2) the uncerteinty involved in mechanilcally positioning
the total-pressure probes in the correct radial location in the duct,
and (3) the uncertainty involved in using the srithmetic average of
the four probe readings as the true flow-average reading. (The probes
were positioned to read the average flow velocity on the basis of the
measured velocity profiles.) The method of Kline and MeClintock (ref. 11)
was used to calculate the uncertailnty in the flow-rate measurement
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attributable to the method employed. This was equal to, at most,
1.25 percent. (A 1list of the uncertainties involved in all the impor-
tant measured varisbles is given in table IV.)

LOCATING DIFFUSER THROAT

The diffuser throat was defined by the polnt of tangency between
the curved surface of the diverging walls and a vertical plane. This
point was easily located by using a machinists square referenced to an
angle iron placed across the diffuser entrance tangent to the two lips
of the diverging walls, Six statlic-pressure taps were inserted in the
diverging-wall fittings which were nearest the diffuser throat. Inspec-
tion of table I shows that these static taps could be located to within
1t0.333 inch of the throat. A static-pressure tap was inserted in the
top fitting on each parallel wall, but these fittings were approxi-
mately 3/8 of an inch above the throat. Therefore, the latter two
static pressures were not used in the calculation of the performance
parameters but served only to give a qualitative indication of the flow

symmetry .
RECORDING THE DATA

The following pressures were recorded on the 33-column, back-light
manometer board: (1) Six diffuser-throat static Pressures, (2) two
side-wall statlc pressures near the throat, (3) four diffuser-exit static
pressures, (4) fourteen exit-rake total pressures, (5) four flow-rate
total pressures, (6) one flow-rate static pressure, and (7) two atmos-
pheric pressures, one in each end column of the manometer. Probe con-
necter tubes of the same length were always used for comparable readings.

Considerable care was exerclsed in recording the data at the proper
time. For many of the configurations tested the flow shifted randomly
between two, or more, patterns. In such cases, the freguency of occur-
rence of the different patterns was observed by watching thelr respective
manometer-bosrd patterns, and the pattern occurring most freguently was
selected as being representative of the particular configuration in
question. When two stable but distinctly different patterns occurred
for a given configuration, data were recorded for each pattern. ("stable
pattern" is used herein to mean a pattern which will remsin fixed and
can only be changed by deflecting the flow with the hand or a suitable
device. Small fluctuations of varying degree occurred for all stable
patterns, but thelr effect did not significantly change the nature of
the pattern.)
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In view of the relatively slow time response of the manometer it
was necessary to wait several seconds while the pattern "held" its posi-
tion. When the data recorder was satlisfled that the manometer had
attained equilibrium, a plcture was taken. A picture was taken for each
exit-rake position that was deemed necessary to traverse adequately the
exit flow; and, of course, 1t was necessary that the same flow pattern
was obtained for each position. The number of pictures taken for a
glven test varied from three to six, depending on the diffuser exit
width. However, only one frame was used in calculating the performance
parameters with the exception of the exit velocity profile. Several
tests were taken at random for which the performance parameters were
calculated for two or more frames and very good agreement was always
obtained.

It was thought that the demping of the test manometer might produce
errors in the measured values of the pressures. A qualitatlive idea of
the degree of damplng caused by the manometer was obtalned by comparing
its time-varying reading with that of a fast time-response manometer
connected just below the north-side throat tap. No error of any con-
sequence could be observed when the data-recording procedure just
described. was used. :

In the process of the datas reduction, negatlives of the photographs
were projected on a screen, resulting in an image approximately three
times as large as the actual manometer board. Good definition was
obtained for this magnification; consequentLy, 1t was possible to read
the columns to within +#0.01 inch HEO

EXPERTMENTAT, PROCEDURE

When the apparatus was started cold, it was allowed to run for at
least a half hour to insure good steady-state conditions. During this
time the ambient conditions were recorded. (The ambient conditions
were measured at least every 4 hours.) Care was exercised to see that
all outside doors and windows to the laboratory were closed so that no
drafts would occur thus altering the character of the inflow. Since it
was necessary to shut down the fan in order to change the axlal position
of a vane cluster, the flow rate was individually set for every configu-
ration that was tested. The uncerteinty analysis of the flow rate indi-
cated, however, that this procedure made no significant chenge in the
total uncertainty of the flow rate.
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DIFFUSER INLET FLOW

VELOCITY AND PRESSURE DISTRIBUTIONS

Regardless of whether a diffuser is directly connected to a nozzle,
as 1n the present case, or whether 1t is connected to a straight duct
section, there must be sdme wall curvature at the Juncture of the
diverging walls and the entrance section. For such a condition Euler's
dynemical equation for the direction normal to the streamline is

, »_ P
oY r

where V¢ 1is the normsl to the streamline directed outward from the
center of curvature and r 1s the radius of curvature. Euler's equa-
tion thus demonstrates that a local decrease in the static pressure near
the walls will occur because of the corresponding curvature of the
streamlines outside the boundary layer. Furthermore, Euler's equation
written for the flow along & streamline outside the boundary layer .

a(ﬁ> -

2 P

demonstrates that there will be, of necessity, an Increase in the local
velocity corresponding to the local decrease in static pressure nesr the
wall. Therefore, it is seen that the diffuser entrance curvature causes
veriations of the static pressure with corresponding varistion in the
inlet veloclity. Further, these variations are such that the fluid in
the boundary layer, on the curved surface downstream of the throat, is
subjected to an adverse pressure gradient larger than that which would
be predicted from s one-dimensional theory. (It should be noted that
the detrimental effects of the intensified positive pressure gradient
are somewhat offset by the favorable effect of the reduced static pres-
sure immediately preceding it.) The sbove statements are true of all
diffusers; however, the nature of the veloclity and pressure variations
that occur depends upon the inlet geometry of the diffuser in question.

It is only logical, then, to question the validity of using the
test results obtained from a given diffuser-inlet configuration to pre-
dict the performence of other diffuser configuratioms. This question
1s of particular importance with regard to the present diffuser because
not only do significant pressure and veloclty variations occur across
the throat width but also small changes in the shape of these profiles
occur as elther 20 or Wy is varied.
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Moore end Kline (ref. 4) examined the literature in which changes
in entrance veloclity profile and changes in inlet shape have been studiled.
The evidence, they found, suggests that, excluding sharp-edged junctures,
no significent change in performsnce will result so long as the boundary-’
layer conditlons are constant at the throat and the nonuniform profile
gpproximates that of a potential pattern for the remainder of the flow.

Since the present diffuser communicates directly with the ambient
surroundings through a nozzle, the entrance flow external to the thin
boundary layer very closely approximates that of en ideal nonviscous
fluid, and since the amblent total pressure 1s constant, the totel pres-
sure in the diffuser throat is constant outside the boundary layer.
Therefore, it 1s seen that the asctual entrance flow to the diffuser
closely resembles the potential flow for the glven inlet gebmetry.

Throat velocity and static-pressure profiles, obtained with smooth
flow for Wy = 3.00 inches, are shown in figure 12. It can be seen that

a better degree of two-dimensionality is obtalned for 26 = 7° +than for
20 = 42°; however, even in the latter case the velocity profiles do not
differ from a suitably defined average profile by more than +2 percent
at any point. Also, it can be seen that there 1s a greater variation
in profile for 26 = 42° +than for 26 = 70. This is as expected since
the flow for wider angles more nearly spproaches the potential flow
between parallel cylinders indicated in figure 12(b). (The solution
for the flow between parallel cylinders has been obtained by Moore and
Kline, ref. 4.) It is recognized that when large three-dimensional
stalls occurred, the approach to two-dimensionality was not so good as
it was for the smooth flow shown in figure 12; however, it is believed
that an adequate approximstion was obtained for all tests,

The character of the inlet boundary layer has been shown by several
investigators to have a significant effect on the diffuser performance.
(See, e.g., Little and Wilbur, ref. 12.) In the present work it was
desired to maintain a relatively constant boundary-layer shape, and the
belief that this condition would be obtalned with the present entrance
section was verified by boundary-lsyer messurements made in the throat
for several different diffuser confilgurations.

A boundary-layer probe was fabricated from a plece of 0.020-inch-
diameter hypodermic tubing by flattening one end and grinding it under
a microscope. The resulting tip thickness was approximately 0.010 inch.
The probe was referenced to the diffuser wall to within epproximstely
0.001l inch; it was then positioned with the micrometer-screw traverse
mechanism shown installed in the diffuser in figure 13(a). A schematlc
diagram of the probe is shown 1n figure 13(b). Measurements were made
only for steady flows but, even for some of these flows, minor fluctua-
tions occurred which made i1t necessary to estimate time average velocity
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readings. The fluctuations which occurred, however, were not serious
enough to impalr the results obtained.

The inlet boundary-layer profiles and values of displacement thick-
ness, momentum thickness, end shape factor are given in figure 1%. The
first measurements were made without a boundary-layer trip, and the
resulting profile is shown in figure 14(a). This profile i1s definitely
of a turbulent character; however, in order to insure that & turbulent
boundary layer was obtained for all confilgurations, a 0.0l2-inch-diameter
trip wire was placed on the curved portlion of the diverging walls approxi-
mately 3 inches upstream of the throat. The effect of the trip wire is
shown in figure 14(a). A comparison of the boundary-layer properties
given in figure 14 shows that the overall effect of the trip wire was to
produce a slight increase in the displacement thickness with & corre-
spondingly larger increase in the momentum thickness; that 1s, a decrease
in the shape factor. Furthermore, it can be seen that all of the bound-
axry leyers obtalined with the trip wire installed are of essentially the
same size and shape.

In summary, 1t can be said that the entrance flow of the present
diffuser was comparaeble to that of a straight section in which two-
dimensional flow having a constant free-stream total pressure and g
thin constant-shape inlet boundary layer was obtalned.

FREE-STREAM TURBULENCE

It was shown by Moore and Kline (ref. 4) that the inlet turbulence
intensity had a very significant effect upon wide-angle-diffuser per-
formance. Thils is clearly 1llustrated by the shift of the boundary
between the transitory stall and fully developed. stall regimes with
change in turbulence intensity as shown in figure 4. It was suspected
that a change in the mass-flow rate in the present diffuser, with a
consequent change in the ambient veloclty field, would result in a
change in the entrance turbulence intensity. This was shown to be true
by turbulence-intensity measurements made with & hot-wire anemometer
installed in the geometric center of the diffuser throat. From the
resulting curve shown in figure 15 it can be seen that nearly a three-
fold change in intensity occurred over the antlcipated range in mass-flow

rate from 4 to 7% lb/sec. Consequently, 1t was decided to conduct the

tests at a constant mass-flow rate which was equivalent to a constant-
throat-width Reynolds number since

AL
T T
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All of the constant-throat-wldth tests were easily run with the flow
rate selected. However, In the constant-included-angle tests it was
necessary to reduce the flow rate because the menometer board could not
record the reduced throat pressures and the fan could not handle the
requlred flow commensurate with the desired minimum throat widths.
Since these latter tests were run only to show typlcal results with
vanes, no loss of significance results.

EXPER IMENTAT, PROGRAM

RESTRICTIONS IMPOSED ON CLUSTER GEOMETRIES

At least four quantitlies must be specified to describe the location
and size of a single flat vane in a two-dimensionsl diffuser, for example,
(1) the distance of the vane leading edge from the diffuser throat,
é2) the distance of the vane leading edge from the diffuser center plane,

3) the included angle between the vane surface and the diffuser center
plane, and (%) the vane length. Consequently, the number of geometric
variables 1s very great when several vanes are used. Thus, at the expense
of some generality, 1t was necessary to impose restrictions on the vane
configurations in order to reduce the total number of independent vari-
ables. For any given cluster (see, e.g., fig. 10) the restrictions were
ag follows: ) )

(1) All venes were of the same length f.
(2) The minimum width & between adjacent venes was identical.
(3) The divergence angle o between adjacent vanes was constant.

(4) The leading edges of the vanes were made tangent to a single
plane perpendiculer to the longitudinal axis of the diffuser and a dis-
tance c¢ downstream from the throat.

(5) The longitudinal axis of the cluster was made coincildent with
the longitudinal axie of the diffuser; that is, the vanes were symmetri-
cally disposed with respect to the diffuser.

With these restrictions the cluster geometry was completely specl-
fied by the following variables: (1) The number of vanes n, (2) the
minimim width a, (3) the divergence angle o, and (4) the vane length f.
The location of the cluster in the dilffuser was specified by the dis-
tance ¢ or by the minimum width b between the outer vanes and the
diffuser diverging walls. In other words, with the restrictions imposed,



NACA TN 4309 19

any glven vane configuration was completely specifled by no more than
five quantities.

OBJECTIVES

Moore and Kline (ref. 4) reached the following conclusions: (1) The
best improvement in performance could be obtained with relatively short
vanes placed Just downstream of the throat, (2) the number of vanes should
be selected so that the divergence angle between adjacent vanes is that
for optimum efficlency, or approximately 7.09, and %3) the vanes should
be arranged to form small diffuser passages each having the same diver-
gence angle and the same throat spacing. Moore and Kline were unsure
about the optimum length of the vanes; they suspected that the lengths
should be selected so that the corresponding operation of each passage
was at least below the line of appreciable stall (1ine aa, fig. 4), but
further conclusions regarding length had not been reached.

Within the scope of the restrictions imposed on the vane configurea-
tions the following questions remained to be answered:

(1) Precisely how much improvement in performance can be obtained
with the type of vane configurations under consideration?

(2) What. is the optimum vane length?

(3) How far downstresm from the throat should the cluster be placed?

(%) How should the vane spacing be selected?

(5) If the diffuser total included angle 26 1s not & multiple of
approximetely 7.0°, how should the number of vanes and their angles of

dlvergence be selected?

(6) Should the angle a between adjacent vanes and the angle o
between the dilverging diffuser wall and adjacent vane be ldentical?

o]

(7) What is the nature of the flow of a diffuser-vane configuration?

The obJjectives of the present investigation were to resolve these
seven questions.
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TEST CONFIGURATIONS

Since Moore and Kline (rgf. 4) conducted the majority of their work
using a value of L/Wl of epproximately 8.0 and since L[W; = 8.0 is

representatlive of practicel diffusers, this value of length ratio was
used in most of the present work.

The uppermost posltion of a cluster was defined so that the flow
cross-sectional area at the vane entrance section was identical to the
diffuser-throat cross-sectional area. If the cluster had been piaced
any farther upstream a blockage of the flow would have resulted.

For the initial testing the vane spacing a was defined by the
relation

(1)

and the divergence angle a bhetween adjacent vanes was defined by the
relation

26
n+ 1l

(2)

It was determined in later tests that & and o &as defined by equa-
tions (1) and (2), respectively, are actually the most suitable values.
Using the value of a from equation (1) the ratio b/a was unity for
the uppermost cluster posltion, where b 1s the minimum width between
the diffuser diverging wall and adjacent vanes.

A systematic serles of tests was conducted using the configurations
summarized in table V. The configuretions are listed  in the order in
which the included angle was set.

Included in these tests are auxiliary tests designed to evaluate
the effect of the following factors on the diffuser performance:

(1) The placement of a pair of turbulence-generating rods in the
low-velocity reglon of the entrance flow

(2) The variation of the end clearance between the vanes and paral-
lel walls

(3) The modification of the vane holding mechanism
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A near optimum diffuser-vene configuration was employed for each of these
three tests.

EXPERIMENTAL OPTIMIZING TECHNIQUE

Since the number of varilables of the basic diffuser plus those of
the vane cluster geometry 1s very large, it was not feasible to take
data over the entire region of possible variation of all varisbles.
Consequently, a method was followed in which the optimum value for a
given variable, such as the vane length £, was found for several con-
ditions. This optlmum value was then used in further tests to determine
optimum values of the other varisbles. Such a method will not, in gen-
eral, yield precisely the optimum value for all possible configurations,
but it will usually provide a rapld means for finding a good spproxima-
tion of it. In the present case, the good performence found suggests
that the design criteria developed do give configurations not too far
removed from the optimum configuration possible. However, as will be
discussed subsequently, the exit traverses and flow observations indi-
cate that some further improvements in performance of the wide-angle
units can be expected by additional refinements of the geometry and by
the superposition of other means of boundary-layer control. Thus, the
results in this report should be considered as- indicative of the sort
of performance that can be obtained failrly readily but not as the ulti-
mate possible optimum performance for a very refined design.

DEFINITION AND INTERPRETATION OF PERFORMANCE PARAMETERS

PRESSURE RECOVERY

In most of the literature the diffuser has been cdonsidered as a
pressure-momentum device with attention being consequently focused on
the static-pressure recovery which has generally been expressed in terms
of the nondimensional pressure-recovery coefficient defined by the fol-
lowing equeation:

b, - P

In this definition, Cpr 1s the ratio of the actual static-pressure

rise to the theoretical, Ilncompressible, isentropic static-pressure
rise obtained by stagnating the entrance flow. However, Cpr of equa-

tion (3) 1s a satisfactory performance parameter only when the following
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conditions prevail: (1) The flow is essentislly incompressible; (2) the
entrance flow 1s essentlally one-dimensional; and (3) the exit pressure
is uniform. Equation (3) may be readily modified to apply to compres-
sible flows by, using the theoretical maximum possible statlc-pressure
rise for compressible isentropic flow in place of qj. However, even

when modified in this wsy, the resulting expression for Cpg 1s limited

to essentially one-dimensional entrance flows and uniform exit pressures.
It should be - noted that the effect of the entrance transition curvature,

discussed previously, can lead to erroneous results because the measured
inlet wall static pressure pj; may be appreclably less than the mean

inlet statlc pressure.

Moore and Kline (ref. 4) recognized the problems of the nonuniform
veloclty and pressure profilles in considering suitable performance param-
eters for the present diffuser and inlet geometries. They concluded that
the definition of Cpr glven by equation (5) was meaningless for the

present flow conditions; therefore, they considered the diffuser as an
energy device and interpreted the performsnce in terms of an energy-
recovery coefficient which is defined by the following equatilon:

_ Flow work out - Flow work in n
Cpr = - (1)
Inlet kinetlc energy

It is implied that the terms in equation (4) are to be obtained by inte-
gration across the .inlet .and outlet flows.

Moore and Kline used. equation (4) only for incompressible-flow cal-
culations, and the results obtained were comparable to what would be
expected for an equivalent pressure-recovery coefficlent. However, had
the flow not been assumed incompressible the resulting calculations
would have been very misleading. This arlses from the fact that for
compressible flows there 1s a "coupling" between the-change in flow work
and change in internal energy which produces a surprising difference
between the value of Cgr and the expected comparable value of Cpg.

This is readily 1llustreted by considering s simple, steady-state, one-
dimensional, isentropic compressible flow of alr through an ideal, two-
dimensionel diffuser (fig. 16).

A first-law analysis of this diffuser flow ylelds the following
expression:

V12 V2

e, Zas " P2 " P1t -y (5)
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or its equivalent

—AEk = AWf + A} (58.)
From equations (5) and (5a) 1t i1s readily seen that the ratio of the
change in flow work to the change I1n internal energy mey be written as

Me _DoVp - P1V] (6)

A Jo - 31

In the present case sir may be treated as & perfect gas. Therefore,
substituting the equation of state for a perfect gas pv = R.T and

letting J = c,T, equation (6) may be modified as follows:

Me _ ReTs - ReTy _ Rea CE - Cy

or

Nl
Aj—_.k 1 (7

Equation (7) shows that for the compressible flow of air (k = 1.4) the
change in flow work-is only LO percent as large as the change in inter-
nal energy. This coupling effect may be further illuminated by con-
sidering the total energy change given in equation (5a). Substituting
equation (7) into equation (5a) and rearranging gives

Again substituting k = 1.4, it is seen that for air the change in flow
work accounts for only 28.6 percent of the change in kinetic energy.
In other words, the maximum possible value that Cgr can have when

applied to the compressible flow of alr is 28.6 percent.

A comparison of Cgg and Cpg can be made by considering their
ratio. From thelir corresponding definitions,
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PoVp - P1V
c Vle/zg PV =~ PV --
JER . 1i77¢ _ g, 22 711 (9) |
CPR P2 - Pl Pevl - Plvl _
2
KypoVy] / 2g¢

where KX; 1s the compressibllity correctlon factor which may be assumed

to be equal to unity for the present purpose. Therefore, 1f it assumed
that Ky =1 and the lsentropic relationship -

PV = v
is used equation (9) may be rearranged to obtain the following relation:
k-1
o _ (opfm) ¥ - 3 (1)
Cer  (P2/P1) -1 -

From the plot of equation (10) given in figure 17, it can be seen that
the maximum value of CER/CPR is 28.6 percent.

The parameter Cpr was defined by Moore and Kline (réf. 4) for the

purpose of overcoming the limitations imposed by equation (3). However,
the foregoing discussion demonstrates that effective use of Cpg 18

limited to incompressible flow. It 1s therefore appropriate to suggest
another means for overcoming the limitations inherent in equation (3).
This 1s done by providing a more general definition of Cprp as follows:

1 J[ 1
= P, GA, - — P ¢ﬂH
Ry Ja, "2 2 A Jp R
Cpr = — - '

1 Jf

= q; aAy

Ay J,, 2

1 - S

(11)

From the momentum theorem for a fixed control volume (as given, e.g.,
in ref. 13, p. 16) it can readily be shown that equation (11) defines the
pressure-recovery coefficlent as the average increase in static pressure
divided by the average entering impact pressure. Furthermore, equa-
tion (11) is applicable to both incompressible and compressible flows
and to uniform and nonuniform velocity and pressure profiles at the
entrance and exit sections of the diffuser.
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The pressure-recovery coefficlent used throughout the remainder of
the report is that defined by equation (11). Several simplifications
were made in developing a working expression for Cpgr; however, the
resulting asccuracy of the calculations is quite satisfactory as shown
by table IV. (The details of this development are given in appendix A
of ref. 1.)

PRESSURE EFFECTIVENESS

The definition of the pressure effectiveness g is given by the
following equation:

(12)

where CPRid 1s the pressure-recovery coefficient that would be
ea '

1
obtained for a frictionless, one-dimensionel flow in the diffuser geom-
etry in question.

Since it was entirely satisfactory to assume that the present 4dif-
fuser flow was incompressible, a very simple expression for CPRideal

was readily developed from the expression given by equation (3). The
result iIs

R S (13)

CPRigea1 = L - ™ A1)2

The working equation for 1, Wwas obtained merely by substituting equa-
tions (11) and (13) into equation (12).

HEAD LOSS

Since the flows were very unsteady for many of the configurations
and since the corresponding zones of stall were often random and chaotic,
no attempt was made to measure the energy distributions in the diffuser.
Consequently, an accurate evaluation of the losses in the vaned and
unvaned units is not possible; however, a reasonable estimate of the
relatlive losses can be made by assuming the flow to be both incompressible
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and one-dimensional. The development of a suitable loss coefficient
for incompressible, one-dimensional flow follows.

By definition

\' 2
(3 -
HL - l (o] 2 e (l)-l-)
;2 .
2gc 1

but since wy = Wy (steady flow) and py = 0o,

_(m ql)qf (pp + 3p) (15)
1

Equation (15) demonstrates that for the simple flow under conslderation,
the head-loss coefficient reduces to the total-pressure-loss coefficient.
Rearranging equation (15) gives

= Q - Py =~ P

Using Bernoulli's equation, the definition of CPRideal’ and equation (3),

1t can readily be shown that equation (15a) is equilvalent to the fol-
lowing eguation:

Hy, = CPRideal - CPR : (16)

A comparison of the losses of the vaned and unvaned units, calculated
using equation (16), is given subsequently An Interesting expression
can be obtained by combining equations (12), (13), and (16). The result
is as follows: :

Hp, = (l CPRideal(l - 1]P) (172)

|} (Az/Al)

For a glven geometry, equation (172) shows that the head-loss coefficilent
mey be reduced by increasing Np- This, of course, was known & priori;

however, equation (17a) shows further that for constant values of Tp
the head-loss coefficient increases as Ae/Al is Increesed. On first
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thought thls may seem unreasonable, but i1t can readily be explained.
Equation (13) shows thsat CPRideal increases with A2/Al, and equa-

tion (16) shows that ﬁi is Just the difference of two quantities Cer
and cPRideal' When Mp 1s held constant then, by definition the ratio

CPR/CPRideal 1s constant. However, when two quantities having a fixed

ratio are increased In value, the dlfference between the two quantities
1s increased. Thus, for constant values of Mp ‘the head-loss coeffi-

cient is increased when Aa/Al is increased.

Division of equation (17a) by Cpr also ylelds an equation of
significance, which is

B O_E__ @ __ F CPRideal(l - )

CPR 91 Pp =Py ©Pp -DPp Cpr

Since by definition

= c
Tip CPR/ FRigeal

the followlng equation is obtained:

EL =l—1]P
P2 "Pl Tlp

(17p)

where EL/(PZ - Pl) is the head loss per unit actual pressure rise in

the diffuser. Minimum head loss for a given pressure lncrease is there-
fore achieved when the value of the function (1 - np)/np is = minimum.

This occurs when Tp is a maximum since this is the same point at which
1 -mnp 1is a minimum.

It should also be noted that the loss coefficlent Ei in the form
of equation (17a) or (17b) has a useful physical meaning even when the
exit flow is far from one-dimensionasl. In particular, Hy, 1s the head
loss of the diffuser (normalized on ql) Including both the loss due to
disslpation and the excess of leaving kinetlc energy ebove that which
would occur for a one-dimensionsl exit velocity profile. If the kinetic
energy leaving through the exit plane 1s a minimum, that is, if the exit
flow is one-dimensional, then Hy, gives the purely dissipative loss.

For other cases it charges the diffuser with both dissipation and excess
of leaving loss above the minimum requisite for the given f£low.
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FLOW STEADINESS

It is difficult to give an adequate description of the flows with-
out being somewhat subjective; therefore, in order to acquaint the reader
with the terms that have been used, some brief definitions are gilven
below. The ascending order of degree used for both steady and unsteady
flow is illustrated as follows:

(1) A very steady flow is one in which there is no surging of the
flow and for which 1t is quite difficult to dlscern any redistribution
of the throat statlc pressure. At most, any individual static pressure
might fluctuate spproximately *1 percent of 1ts mean value, and the
perlod of fluctuation i1s 20 to 30 seconds or greater. In addition, the
separation patterns remain fixed.

(2) A steady flow 1s similar to a very steady flow; however, notice-
able throat-static-pressure redistributions occur with amplitudes on the
order of tl to 12 percent and with periods of approximately 15 to 20 sec-~
onds. Some noticeable shifting sbout of the zones of separation occurs
although there 1s no rapid shifting back and forth.

(3) A fairly steady flow 1s one in which small pressure redistribu-
tions and minor flow surges occur. The amplitudes of the fluctuatidns
of the individusl pressures are approximately +2 to i4 percent. The
fluctuations are caused in part by the redistribution of the static pres-
sure and in part by the surging. The surge has an amplitude of approxi-
mately +1 to +2 percent; it is not violent and it has a period of approxi-
mately 20 to 30 seconds. Some random shifting about of the zones of
separation can be observed.

(4) An unsteady flow is one in which the period of the fluctuatilons
is of the order of 1 to 5 seconds and the amplitude 1ls of the order of
15 to 110 percent. The fluctuations consist of both static-pressure
redistributions and flow surges. The flow mey surge up to as much as
5 percent and the period may be of the order of 5 seconds. Considerable
shifting about of the zones of separation cen be observed.

(5) A very unsteady flow is one in which the flow may pulsate with
a periodlc frequency of approximetely 3 cps. If the flow doesn't pul-
sate, a rapid surging of the flow msy occur with an erratic frequency of
about 1/2 to 1 cps and with an amplitude of t5 to ¥15 percent. The sepa-
rations may shift rapidly about and/or whip in and out of the diffuser.

(6) A flow surge is characterized by random changes of the pressure
recovery with corresponding changes in the flow rate (flow rate increasing
with pressure recovery.) The rate of change may vary from very gradual
to quite sudden, depending on the particular circumstance.
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(7) A flow pulsation i1s characterized by a rapid periodic fluctua-
tion of the pressure recovery with corresponding periodic variations in

the zones of stall.
ized by an sudible beat.

TUFT MOVEMENTS

Interpretation

A pulsation, unlike a surge, is further character-

Flow visualization was obtained by wool tufts, approximately 1 inch
long, placed throughout the diverging and parallel walls of the diffuser.
In addition, a single tuft fastened to the end of a thin metal rod was

used to explore the flow in regions awsy from the walls.
tions given the movement of each individusl tuft are summarized as follows:

The interpreta-

Movement and orientation of tuft Type of flow ﬂzgi-
Tuft held firmly against wall, pointing down- Steady, undis- |Nope
stream, no movement turbed flow
Tuft held near wall, pointing downstream, Steady flow with |None
occasional wiggling occasional
disturbance
Major part of the time tuft pointing downstream Intermittent I
and wiggling; random "flickering" (tuft qulckly transitory
points upstream and then downstream again) stall
indicating a temporary and local separation :
Continual "whipping" of tuft in the upstream and [Local transitory| T
downstream directions indicating rapid and stall
chaotic occurrence and disappearance of
separation
Mejor part of the time the tufts sre continually [Local transitory| TIF
whipping upstream and downstream; at random stell with
intervals the tufts are temporarily held in the intermittent
upstream dlrection with thelr ends wiggling fixed stall
Major part of the time the tufte are held in the | Local fixed FIT
upstream direction with their ends wiggling; stall with
temporary whipping of the tufts occurred at intermittent
random intervals transitory
stall
Tufts held in the upstream direction with their Local fixed F
ends wiggling; tufts are doubled back over the stall

Scotch Tape used to attach them to the wall,
and they are therefore held approximately 1/8
to 1/4 inch away from the surface




30 . NACA TN 4309

It is important to note that these interpretations and definitions
describe the local flow in a small region under consideration; they do
not necessarily describe the character of the overall separation. It
may be recalled that there are four regimes-of flow, each of which 1s
characterized by a particular type of overall pattern. (See the section
entitled "Introduction.") Only two of these regimes will be considered
in the dlscussion given below, namely: (1) the regime of large transi-
tory stalls in which the separation veries in position, size, and inten-
sity with time (fig. 3(b)) and (2) the regime of fully developed stall
in which the flow 1s relatively steady and in which the separation is
nearly two-dimensional and firmly attached to one wall of the diffuser
(fig. 3(c)). Thus, for example, the diffuser may be operating in & con-
dition of fully developed stall, yet the separation in any particular
reglon may consist only of local transitory stall. This will become
more evident in the following discussion on the flow characteristics
of the present unvened diffuser with constant inlet conditions.

Effect of Tufts on Flow

Persh and Balley (ref. 14) investigated the effect of the extent
of surface roughness in a 23° conical diffuser. They found that the
percent of surface roughened had no appreciable effect on the pressure
recovery but that the presence of a small roughness strip just pre-
ceding the diffuser was sufficient to steady the flow. The combined
effect of the preceding roughness strip and the roughened diffuser sur-
face was to steady the flow even further. In the present diffuser
approximately 2 to 5 percent of the surfacé area was affected by the
wool tufts. The tufts may have produced a slight stabllizing effect
on the flow, but thils can be considered negligible because no difference
in flow characteristics could be observed with or without the tufts.
Therefore, since the tufts occupied only a smsll fraction of the sur-
face and were not located any closer to the throat than 5 ilnches and
since no difference In flow could be observed with or without the tufts,
it can be concluded that the present diffuser surface .was essentially
equivelent to & smooth surface. :

RESULTS AND DISCUSSION

The experimental results of the present investigation are presented
in tebular form in tables VI and VII. Graphical representations are
given in figures 18 to 36 and are discussed subsequently. The text has
been arranged in the followlng generasl form: (a) The performance of the
diffuser without vanes, (p) the performence of diffuser with vanes and
the development of the design criterils, (¢) the eveluation of the design
criteria, and (d) conclusions.
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The accuracy of the experimental results varied with the flow
steadiness; therefore, uncertainties were estimated for both the most
accurate and the least accurate results, and these are given in table IV
along with the uncerteinties of all the importent measured varisbles.
The method of Kline and McClintock (ref. 11) was used for estimating the
uncertainties.

DIFFUSER WITHOUT VANES (ﬁl = 3.00 INCHES;
L/W; = 8.0; R, = 2.5 x 105)

General Flow Charsacteristics

A series of tests was conducted 1n which all of the inlet condi-
tlons and L/Wl were held approximately constant. The flow character-

istics end the diffuser performsnce were recorded for 26 = 7.0°, 14.0°,
16.8°%, 21.0°, 24.5°, 28.0°, 31.1°, 35.0°, 38.2°, and 42.0°. A descrip-
tion of the typical separation pattern that occurred for each angle is
glven in table VIII. In figure 18 the location of each test configura-
tion and & brief description of the flow obtained for 1t has been super-
posed on a plot of the flow regimes obtained by Moore and Kline (ref. b).
A study of table VIII and figure 18 will show that the present results
agree very well with the high-turbulence water-table results of Moore and
Kline. The reader may wish to refer to these figures during the fol-
lowing brief descriptions of the vaneless diffuser flow characteristics.

At 26 = 7.09 the flow was very steady. No separations could be
observed at any location; however, very minor disturbances occurred at
the downstream edges of the diverging walls.

At 20 = 14.0° the diffuser setting was just sbove the high-
turbulence line of appreciable stall. The flow was quite steady but
intermittent transitory separation occurred in the downstream part of
the diffuser. The overall separation vaeried in megnitude and intensity
and shifted randomly from corner to corner. Simulteneously, slow mod-
erate variations occurred in the throat static-pressure distribution.

At 26 = 16.8° the flow was unsteady, but the fluctuations were
not violent. Furthermore, a mild, faintly audible pulsation having &
frequency of approximately 3 cps was observed. The overall separation
shifted frequently from corner to corner while on the same diverging
wall and occasionally shifted back and forth from one diverging wall
to the other. Although the overall separation was present at all tinmes,
the local separation was of an intermlttent transitory charecter. The
throat static-pressure distribution was undergoing & continual change.
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At 26 = 21.0° +the main overall separation, or stall, was firmly
attached to the west wall and extended to within a few inches of the
throat. This separation consisted of local transitory stall. Frequent
zones of intermittent transitory stall occurred on the lower regions of
the east wall. The main flow was quite unsteady, and very audible pul-
sations having a frequency of approximately 3 to 4 cps were observed.
The pulsetions were strong but not violent. It 1s to be noted that at
20 = 21.0° and at each of the six remaining angles discussed below, a
mirror image of the overall separation pattern was readily obtained by
diverting the flow from the wall along which 1t was moving to the oppo-
site wall. The flow was diverted by temporarily placing an obstruction
or vane in its path.

At 26 = 24,59 the flow was quite unsteady. There was a continual
redistribution of the throat statlic pressure accompanied by random
surging of the flow. DPulsations of the type observed for 28 = 21.0°
were not in evidence. The main overall separation was firmly attached
to the east wall. It was nearly two-dimensional in form and extended
to within a few inches of the throat; however, 1t consisted of local
transitory stall with occasional small zones of temporary fixed stall.
Occasional "flickers" of transitory stall occurred in the lower portion .
of the west wall.

At 26 = 28.0° the diffuser setting was Just above Moore and Kline's -
high-turbulence line bounding the three-dimensional, transitory stall
regime from the two-dimensional, fully developed stall regime. The flow
was relatively steady; the overall separation extended to within a few
inches of the throat on the west wall and was very nearly two-dimenslonal
in form. The main portion of the overall separation consisted of a local
fixed stall with intermittent transitory stell. The side corners of the
overall separation, formed by the diverging wall and the parallel wealls,
consisted primarily of local transitory stall. No separatlon was observed
on the esst wall. Slow and moderate variations occurred in the individual
throat static pressures; however, the form of the static-pressure distri-
bution remained essentially unchanged. ’

At 26 = 31.1° +the flow was fairly steady, and no separation
occurred on the west wall. The overall separation was very nearly two-
dimensional in form and extended to within & few inches of the throat.
Overall, the flow was very similar to the flow at 26 = 28.0°. The
only exceptions were that the local fixed stall had become more pre-
dominent and the corner reglons of transitory stell had grown smaller.

At 26 = 35.0° the flow was quite steady. The overall separation
wes essentially two-dimensional, extending to within approximastely 1 inch
of the throat on the west wall. It consisted primarily of local fixed
stall; however, on the edges of the main separation there were a few
local areas of transitory stall. No separation was observed on the east -
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wall. The tuft movements indicating the local stall were not so intense
or violent as they were at 26 = 21.0° and 26 = 28.0°. Only minor
fluctuations of the throat static pressures occurred.

At 26 = 38.2° the flow was steady, and the overall separation
was essentially two-dimensional. The local separation was entirely
Pixed stall with the exception of the lower end of the diverging weall,
which was fixed stall with intermittent transitory stell. Agein, only
minor varistions occurred in the throat static pressure.

At 26 = 42.0° +the flow was very steady. The overall separation
was essentially two-dimensional and consisted almost completely of
local fixed stall. It extended to within approximately 1 inch of the
throat on the west wall. No separation was observed on the east wall,
and only minor fluctuations occurred in the throat statlc pressures.

The descriptions of the flow characteristics given above are some-
what subjective; however, it is believed that they 1llustrate the char-
acter of the different regimes of diffuser flow and the nature of the
local separation that occurs in each regime. It 1s noted that when the
diffuser operation first enters the fully developed stall regime, the
overall separation consists primarily of local transitory stall. How-
ever, as the operating point shifts farther into the fully developed
stall regime (say, at constant values of L/W), the character of the
local separation gradually changes from predominaently transitory stall
to predominantly fixed stall. The growth of the zone of local fixed
stall is from the throat towards the exit and outward toward the side
wells, as shown by the sketches in table VIII.

Diffuser performance.- A plot of the pressure-recovery coefficient
Cpr and the pressure effitiency Tp obtained for the flows Just
described is given in figure 19, and a brief description of the flow
corresponding to each test angle 1s given in figure 18. From a study
of figures 18 and 19 many important characteristics of unmodified two-
dimensionel diffuser performence can be seen.

First, 1t can be seen that the maximum static-pressure recovery
occurs near the line of appreciable stall defined experimentally by
Moore and Kiine (ref. 4). This result is in agreement with the pre-
liminary air work done by Moore and Kline using the present diffuser.
Further, the curve of meximum Cpgp obtained from Reid's data (ref. 6),

which has been superposed on figure 18, also shows that the maximum
pressure recovery occurs near the point of appreciable stall. The
slope of Reid's maximum Cpg curve 1s not the seme as the slope of

the line of appreclable stall obtained by Moore and Kline; however,
when it 1s considered that Reld used a different diffuser with different
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(although constent) inlet condltions, it can be concluded that the agree-
ment between the two curves 1s both reasonable and significant.

Second, 1t can be seen that the static-pressure recovery begins to
fall off rapidly as the included angle is increased beyond the point of
maximum recovery, if both inlet conditions and L/Wl are held constant.

As the static-pressure recovery begins to decrease the flow becomes
unsteady and large regions of three-dimensional transitory stall develop.
When the included engle is Increased further, so that the diffuser is
operating well into the transition region between the transltory stall
regime and the fully developed stall regime, the main separation attaches
to one of the dlverging walls and becomes somevwhat two-dimensional in

form. At this point, the local separation consists predominantly of
transitory stall, the flow 1s very unsteady, the fluctuations are largest,
and the pressure recovery 1s decreasing rapidly. As the angle is increased
still further the flow spproaches the regime of stable fully developed
stall. Simultaneously, the local separation grows from a transitory stall
to a fixed stall and the flow becomes Increasingly steady. In addition,
when the local separation becomes predominantly a fixed stall the pressure-
recovery coefficient attains a minimum value. Finally, when the included
sngle becomes large enough, the flow becomes very steady and the fully
developed stall conslsts almost entirely of local fixed stall.

Third, figure 18 shows that the line of appreciable stall does not
vary excessively even though the lnlet conditions vary considersbly.
This is illustrated by the curves in reference 4 which were obtained
for two different levels of inlet turbulence. Furthermore, the occur-
rence of apprecisble amounts of separstion et angles slightly larger
than the angle of maximum recovery, as observed In the present Investl-
gation and by others, suggests that the line of appreciable stall should
epproximately correspond to the line of maximum Cpg. As mentioned above,

a plot of the line of meximum Cpg, from the data of Reld (ref. 6), is

shown in figure 18. It can be seen that the line of appreciasble stall
for all of Moore and Kline's data end Reld's line of meximum Cpg do

not differ from a mean value by more than +25 percent for all values of
L/Wy, and in most cases the difference is considerably less. Further-

more, 1t can be seen that the high-turbulence line of appreclable stall
obtained by Moore and Kline represents an approximste mean value of the
three curves. The lmplications of this are obvious; namely, this high-
turbulence line of appreciable stall can be used to obtain an approxi-
mate value for the angle of maximum static-pressure recovery for any
plane-wall, subsonic, two~dimensional diffuser for the range of L/Wl

that has been studled. In addltion, since the maximum statlc-pressure
recovery occurs near the point where an apprecieble amount of transitory
stall begins to develop, the high-turbulence Lline of apprecisble stall
obtained by Moore and Kline indicates the approximaste velue of the
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Ineluded angle at which a significant amount of separation 1s produced.
This latter idea will be shown subsequently to have an important applica-
tion in the design of the vane clusters.

It should be noted at this point. that the works of Reid (ref. 6)
and Moore and Kline (ref. 4) and the present work have been conducted
with relatively thin inlet boundary layers (sf]wl ~ 0.003 - 0.010).

For thicker and less favorable inlet boundary layers the sctual line of
appreciable stall probebly lies at lower values of 26 for a given value
of L/Wl than Moore and Kline's high-turbulence line of appreciable

stall; consequently, & larger error in predicting 26 for meximum recov-
ery or appreciable separation would likely be incurred. Systematic
studies of the effect on the line of apprecisble stall of different inlet
boundary-layer thicknesses and shapes is now under study in the current
program, but data are not yet avallable; until data of this type are
avallable, the high-turbulence curve obtained by Moore and Kline should
be used with considerable caution.

The curve of pressure effectiveness Tp given in figure 19 illus-
trates the fact that the meximum value of np occurs at an appreciebly
smeller value of 26 than does the maximum value of Cer- (This phenom-
enon was also noted by Reid (ref. 6)). Using the definitions of Tp
and CPRideal it can readily be shown that such a phenomenon must

occur. For this purpose, consider a diffuser having Wy, L/Wj, and

2ll inlet conditions held constant as the included angle is increased
from 0°. At 26 = 0° the diffuser is simply & pipe in which a loss in
static pressure occurs; thus, Cpg <O and p = -=. At some small

posltive value of 20 +the momentum conversion will Jjust offset the
frictional statlc-pressure loss; therefore, both Cpgr and Mp Will be

zero. As 26 1s Increased further Cpr becomes positive and, for a
time, increases faster than CPRideal; however, as 26 1s increased

still further the rate of increase of Cpr 1is reduced by the additional

logses and by the production of a less uniform exit veloclty profile.
It can be seen from the definition of Tp that the logarithmic increase

of Tp is equal to the difference of the logarithmic incresses of Cer
and ; that is
CPRideal’ ’

logg Mp = logy Cpg - logg CPRideal

To find the meximum value of Np as a function of 260, the equation is
differentiated and equated to zero. This ylelds
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(loge T\p) (loge CPR) $<loge CPRidea.l) -
or

L Xy O (18)

Cpr 98  CpRyq.nq  O°

Equation 18 shows that when the value of Tp 1s & meximum the fractional
rate of increase with angle of Cpr and of CPRideal is ildentical. Fur-

ther, since Cpg 1s positive and since by definition both CPRideal and

C

PR oC

___S%QQEL are positive, equation (18) shows that <_§%B> >0. In
Np, max

other words, the maximum value of Cpr cannot occur at the angle of

maximum Tp- For angles greater than 2eﬂp,max’ the ideal pressure

recovery increases proportionately faster than the actual pressure recov-
ery and hence ny decreases with further increase in 26. However, the

actual pressure recovery wlll continue to rise with Increase in angle
until the added losses and increased rate of momentum efflux (brought
about by the ilncrease in angle) actually exceed the theoretical gain in
recovery made possible by the lncreased angle.

The physical argument Jjust noted regarding the relation between the
losses and the recovery is easily proved mathemstically from equation (16)
as follows:

By, = CPRigear ~ CER

OCpg

Differentisting end equating —Sa- to zero ylelds

oFf, _ _Rideal
o8 38

A discussion of the important effect of momentum efflux rate, as
evidenced by the exlt velocity profile, 1s given by Moore and Kline
(ref. 3). They have shown that the optimum exit velocity profile is
one-dimensional and that alteration in the profile has a very strong
effect on both recovery and effectiveness. A more thorough discussion
of the loss mechanisms and their relation to the optimum recovery and
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effectiveness 1s given in reference 2. It 1s not repeated here since
it depends on a prior discussion of the mechanism of transitory stall.

It is interesting to note that the optimum diffuser angle is not
necessarlily that for maximum effectiveness. In fact where pressure
recovery and length are primary factors, as, for example, in aircraft,
the maximum-pressure-recovery diffuser would be much more sulteble than
the maximum-effectiveness diffuser; the decision depends on the factors
of concern in each case.

Most of the work in the present investigation has been done at
total included angles greater than 21°. For this range of angles it
can be seen from flgure 19 that there is little difference between the
curves of Tp and Cpr. This arises from the fact that the area ratios

for the geometries under consideration yield values of CPRideal near

unity. As a consequence of the simllerity of Cpg and MTp in this

region, the majority of the discussions to follow will be limited to
considerations of Cpg only. Conslderations of the envelope of Tp

that can be obtained with properly designed vanes will be given
subsequently.

DIFFUSER WITH VANES (L/Wy =~ 8.0; Wy = 3.00 INCEES;

Ry, ~ 2.4 x 10°)

In the following discussions it should be remembered that a and
o are defined by equations (1) and (2), respectively, unless it is
specified otherwise. 1In addition, the longitudinal position of the
clusters has been specified by the ratio b/a. This has been done in
preference to using the length c¢ because it is believed that the ratio
b/e 1s more fundementel to the vaned diffuser flow.

Tests at 26 = 42.0°

Varistions of n, £, and b/a.- For five values of vane length
(f =3, 6, 9, 12, and 15 inches), clusters were assembled using 1, 2, 3,
4, and 5 vanes. Tests were conducted with each cluster using, generally,
four velues of b/a. Families of curves of Cpg plotted against b/e

are given for each value of f in figure 20. A discussion of the flow
characteristics obtained for each configuration would be prohibitively

long. Furthermore, it 1s believed that such detail is not desired since
the results of the near-optimum configurations are of primary importance
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in this investigation. Consequently, only & brief discussion of the
results obtained at each value of f 1is given below.

It should be noted beforehand that three features are common to
nearly all the curves shown in figure 20. These are as follows: (1) For
b/a increasing from unity, each curve of Cpg either begins at a mexi-

mum velue or attalns & maximum value and then decreases; (2) as n 1I1s
increased from 1 to 5 the maximum value of Cpr 1s increased; and

(3) the value of b/a, at which the maximum value of Cpr occurs,
increases as n 1is increased.

The family of Cpgr curves for £ = 3.00 inches is given in fig-
ure 20(a). The flow for sll values of n at b/a = 1.0 was fairly
steady, although minor slow and random flusctustions occurred in the
throaet pressures. The steadiest flow was obtalned for n = k., As b/a
was Increased (i.e., as the clusters were moved farther downstream) the
fluctuations of the flow tended to increase; however, in all cases the
fluctuations were relatively small and slow up to and somewhat beyond
the point of maximum Cpr. The dashed portions of the curves indicate
the region in which the fluctuations would probably be objectionable.
Unlike the results of the other vane lengths, the pressure recovery for
n = 4 was everywhere greaster than the pressure recovery for n = 5.

The curves of Cpgr for £ = 6.00 inches are given in figure 20(b).
They are similar to the curves for f = 3.00 inches; however, the cor-
responding values of Cpg are greater, and the meximum value of Cpp

is obtained for n =5. At b/a = 1.0 it was found that the flow for
n =1 was only falrly steady and that the flow for n =2 was qulte
unsteady. For n = 3 and 4 the flow was steady and for n =5 1t was
very steady. Agsin it was found that the flow fluctuations increased
in frequency and the separation increased slightly in extent as b/a
was increased; however, the fluctuations were minor and slow up to and
somewhat beyond the point of maximum Cpgr. The reglons in which the

flow fluctuations would probably be objectionable are again shown by
the dashed portions of the curve.

The curves of Cpr for £ = 9.00 inches s&re given in figure 20(c).
These curves are similar to the curves for f = 6.00 inches; however,
the maximum value of Cpg for n=5 1is appreciably greater than that

for either f = 3.00 or 6.00 inches. A comparison of the curves in fig-
ures 20(a), 20(b), and 20(c) shows that the trend of the longer vanes
for the larger values of n at values of b/a beyond the meximum value
of Cpr 1s toward a greater rate of decrease of Cpr. At b/a = 1.0

the flow was fairly steady for n =1, 2, afid 3 and was very steady for
n =4 and 5. The flow was satisfactorily steady for all values of b/a
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up to end somewhat beyond the maximum value of Cpr; that 1s, the pres-

sure fluctuations that occurred were slow and random and had smplitudes
of approximately t2 to t4 percent of the mean value of their respective
pressures. These fluctuatlons were primarily Jjust redistributions of
the throat pressures and not changes in the overall mean pressure.

The curves of Cpgr for f = 12.00 inches are given in figure 20(d).
It can be seen that, compared with £ = 9.00 inches, an improvement in
the maximum value of Cpg for n = 3 and 4 was obtained; however, no

gain was obtained for n = 5. At b/a = 1.0 continual redistributions

of the throat pressure and minor flow surges were obtained for

n=1and 2. For n=3 the flow was fairly steady, and for n =4 and 5
the flow was very steady. As b/a was increased up to and Just beyond
the maximum value of Cpg for n =3, 4, and 5 the flow fluctuations

increased in frequency and the separations became slightly stronger; how-
ever, the steadiness of the flow was, again, quite satisfactory. For

n =1 and 2, the flow appeared to become somewhat steadler as b/a was
increased. A new phenomenon occurred for the case of n =5 and

b/a = 1.26. As the diffuser flow was being increased from zero to the
test value, a transitory stall developed in a corner of one of the outer
vane passages. (The corner was formed by the diffuser diverging wall

and parallel wall.) While the stall existed, small flow pulsatilons
occurred and the pressure recovery was quite poor. On one occasion the
stall "washed out" of its own accord, and on others it was easily removed
by creating additional turbulence in the entrance flow. (Rapid hand
waving back and forth in front of the stall zone was sufficient to cause
it to wash out.) After the stall was removed the flow was quite steady
and, as can be seen from figure 20(d), the pressure recovery was very good.

The curves of Cpg for f = 15.00 inches are glven in figure 20(e).

The curves for n =2, 3, and 4 are quite similar to the previous curves
obtalned for the other values of f£; however, the meximum values of Cpg

are somewhat greater. In other respects they are essentially the same
and need no further discussion. The curves for n =1 and particularly
for n =5 are quite different. For the case of n =1 and b/a = 1.0
the flow would occur in two different patterns, one in which the overall
separation was asymmetric, or three-dimensional, and the other in which
the overall separation was symmetric and nearly two-dimensionasl. It can
be seen that a considerable difference in Cpy was obtalned for the two

different patterns. The symmetric separatlon, with the smeller value of
Cpr, was the preferred pattern (the flow would select this pattern more

frequently than the other). For the case of n =5 and b/a =1.23 an
Instability phenomenon was discovered. The flow would exist for a time
in one of two different patterns; however, neither pattern was stable.
The pattern (:) for which the largest value of Cpg Wwas obtained was
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steadier than the pattern for which the smaller velue of Cpg was

obtained (see fig. 20(e) for the locations of (:) and (B ). However, in
pattern (:) the flow was subject to an almost continusl redistribution

of the throat static pressure and to occasional sudden surges or pulsa-
tions. If the flow was disturbed, for example, by a slight blockage of

the entrance flow, the flow would shift to pattern . Unlike pattern @ 2
the separation in pattern iD was quite extensive and asymmetric. In fact,
in one corner of one of the outer vane passages there was a continual flow
which actually came up through the outer channel and went back down through
the adjacent channel. The flow "splllied" over approximately 2 to 3 inches
of the outer vene leading edge. Whlle in pattern the flow was quite
unsteady and was subject to frequent surges. On one occasion the flow
shifted back to pattern @ ; however, pattern was preferred.

A comparison of the approximate slze and locatlion of the zones of
separation that occurred in the diffuser, with 26 set at L2, 0°, is
shown in figure 21. Figure 21(a) illustrates the separation that occurred
in the unvened diffuser. This has been described previously. Figure 21(b)
11lustrates the type of separation, or stall, that occurred with the vanes
installed. Note that the major part of the separation is found on the
parallel walls and not on the diverging walls in the vaned unit. It was
found that the vane holding mechanisms (the dowels and hooks used to sus-
pend the vanes) Wwere partly responsible for the side-wall separation. In
a test which will be discussed later, 1t is shown that an appreciable
improvement in Cpr can be obtained, in some instances, by lmproving the

holding mechanisms.

Determination of optimum value of f£.- The meximum value of Cpg,

for which the flow is at least falrly steady, hes been determined from
each of the curves in figure 20. From these data, curves of maximum Cpr

have been plotted in figure 22 using n as the parameter. In additlon,
values of LlWl obtalned from Moore and Kline's high-turbulence line of

appreciable stall (line aa in fig. 3) have been superposed on each cor-
responding curve. Note that f/a and o for the vane clusters are equiv-
alent, respectively, to L/W; and 26 for a diffuser. From figure 22
it can be seen that (f/a),g falls near the knee on the flat upper por-

tion of each curve in every case. This is both fortunate and very signi-
ficeant. It mey be recalled that the line of appreclable stall indicates
the approximate included angle at which appreclable separation is devel-
oped in a plane-walled, two-dimensional diffuser. Thus, it would be
anticipated that when this situstlon occurred in the vane channels
further increases of f£/a for fixed values of o would result in
increased zones of separstion eand hence would yleld little or no fur-
ther increase in the diffuser pressure recovery. This is in complete
accord with the present experlimental observations as shown in figure 22.
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Further explorations made with the "tuft probe" did, in fact, reveal that
incresses of vane length for constant values of o and s resulted in
Increased zones of separation in the ends of the vane channels and occur-
rences of minor separations at the trailing edges of several of the vanes.
Thus, at least for the case of 26 = 42.0°, the high-turbulence line of
appreciable stall (ref. 4) can be used to determine the optimum value of
f simply by meking f£/a = (f/a),g for the corresponding value of a.

Determination of optimum value of n.- A comparison of the maximum
values of Cpg obtained for each value of n can be made from the
curves in figure 22. However, it 1s more illuminating if these values
are plotted against the vane sngle « where o = 26/(n + 1). This has

been done in figure 23. The resulting curve shows that at least a near-
meximum value of Cpg has been obtained. It shows, further, that the

addition of another vane (n = 6 and a = 6°) would probably result in a
small decrease of Cpg. Therefore, 1t can be concluded that the value

of n for which a = Z.oo is at least very near the optimum value for
the case of 20 = 42.0".

Effect of variation of ao/m.- At the outset of the present investi-

gation it was suspected that the diffuser performance might be optimized
by making small adjustments in «. In order to investigate this possi-
bility, tests were conducted for several values of a with n = 5,

f = 15 inches, f/a = 30, and b/a = 1.01. The results of these tests
are shown by the curve of Cpr plotted against @o/“ glven in figure 24.

It can be seen that the maximum value of Cpg occurred at or very near
aO/m = 1. In other words, the equal-angle arrangement defined by equa-

tion (3) is shown to yleld the best performance. It must be remembered
that there are other possible ways 1in which to adjust the angle settings
of the vanes; that 1s, it may be that unequal adjustments of the individ-
ual values of o in a given cluster will yleld an lmprovement in Cpg.

AdJustments of thls type were precluded by the restrictions imposed on
the vane cluster geometries. However, in view of the good pressure
recovery that can be obtalned with the present cluster geometry, it is
not likely that a large increase in Cpgr can be obtained by such addi-

tional adjustments.

Determination of optimum vaelue of &a.- Tests were conducted using
two additional values of & for £ = 15 inches and o = 7.0°. Denoting
a of equation (1) by a;, these values were as follows: & < a; and

a > 8y. Since a was not the same in all of these tests, the values of

pressure~-recovery coefficlent shown in figure 25 have been plotted against
(ka + 2b)/Wi instead of against b/a. For a given value of (ka + 2b)/Wl

the cluster has the same value of c¢ regardless of the value of a. It
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is interesting to note that with a > a; the resulting value of Cpr was
considerably less than thaet obtained with a = a;, except for one test
point. Furthermore, the flow was not so steady with a > a;. For

a < ay, the resulting flow steadiness and Cpgr were comparable to those
obtained for & = a;; however, in the useful range of (ke + 2b)/Wl, the

pressure recovery for a = a; was slightly greater. The flows were
fairly steady, or better, only for the region [(ha. + 2b)/ W]:l < 1.065 )

It. can be concluded from these results that the most suitable value of
a 1s a; for 26 = 42.0°.

Effect of vene end clearence.- Since in a practical design the vanes
would probably be constructed without end clearance, a brief investiga-
tion was made of the flow in the reglons of the ends of the vanes. It
was found that the flow on the parallel walls went diagonally downstream
from the inner vene channels towards the outer vane channels. Tests were
consequently conducted using a near-optimum cluster geometry for the fol-
lowing situations: (1) The cluster placed against one of the diffuser
side walls, thus fixing all the end clearsnce at the opposite end; (2) the
cluster centered between the side walls (the usual procedure); and (3) the
clearance at both ends of each individual vene sealed with drafting tepe.
The results of these tests, along with the cluster geometry and orienta-
tion, are presented in table IX. The difference between the pressure-
recovery coefficients obtained for the unsealed noncentered cluster and
the unsealed centered cluster indicates that there is a significant
effect due to, the asymmetric positioning of the cluster. When the cluster
was placed against the diffuser side wall, the separation pattern was
asymmetric with respect to a plane parallel to, and midway between, the
side walls. Nearly all the separation was located on the end-clearence
side. When the cluster was centered, the separation was symmetrical
and similar to that illustrated in figure 21(b). The flow was steadier
when the cluster was centered; however, it was satisfactorily steady
even when the cluster wasn't centered.

When the ends were sealed with tape, the resulting flow was essen-
tlally the same as that for the centered unsealed cluster. Of course,
the flow pattern on the side walls in the region of the cluster was dif-
ferent because the crossflow was prevented; however, no appreclable dif-
ference in the side-wall exit flow could be observed. The pressure-
recovery coefficient obtalned for the centered unsealed cluster is shown,
in table IX, to be slightly greater than the pressure-recovery coefficient
obtained for the sealed cluster. Since the difference obtailned is within
the uncertainty interval of Cpgr, no significant trend was established;

however, 1t can be concluded in the case -of the optimum clusters at
20 = 42.0° that when the clusters are centered the end clearance causes
no significant effect on the diffuser performance.
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Tests at 26 = 28.0°

With 26 set at 28.0° tests were conducted which were comparable to
those described sbove for 26 = 42.0°. The same values of f were used,
but n was limited to 3 with the exception of one cluster for which
n=)+.

Veriations of £, n, and b/a.- The results obtained are shown by
the femilies of pressure-~recovery curves glven in figure 26. The general
characteristics of these curves are similar to the corresponding curves
presented for 26 = 42.0°.

For f = 3.00 inches the curves of Cpr &are given in figure 26(a).

It is interesting to note that, although very considerable improvements
in Cpr Were obtained, the flow steadiness was unsatisfactory for nearly

all the configurations with f = 3.00 inches. For n = 3, with b/a
equal to epproximately 1.2, two values of Cpr Wwere obtained, one for

each of the two flow patterns that occurred. The transition which
occurred in shifting from one pattern to the other was not violent, but
the large difference in Cpp mnevertheless 1llustrates the unsatisfactory

character of the flow. Two patterns occurred for some of the other test
configurations in the regions shown by the dashed curves; however, no
additional data were recorded for these patterns.

The results obtained for f = 6.00 inches are given in figure 26(b).
It can be seen that, overall, the flows were steadler than those obtained
for £ = 3.00 inches. The character of the unsteady flows had changed;
that 1s, they did not shift back and forth between different. patterns.
Instead, they fluctuated about a given pattern. With n =1 and 3 for
b/a = 1.21 and 1.52, respectively, audible pulsations occurred having
a frequency of approximately 3 cps. ' '

For f = 9.00 inches (fig. 26(c)) the flows obtained with
n =1 and 2 were not much steadier than the corresponding flows for
f = 6 inches. Audible pulsations occurred for all the tests with n =1
end for n =2 vwhen b/a = 1.38. The flows obtalned with n =3 at
b/e. = 1.00 end 1.16 were very steady; however, the separations in the
flow at b/a = 1.16 were stronger and more extensive than those at
b/a = 1.00. The flow at b/a = 1.35 and n =3 was critical and would
occasionally break down into e pulsating flow for short perlods of time.
For b/a =1.48 and n =3 the flow was very unsteady, and an exten-
silve asymmetric corner stall developed in which the separation zone
extended up to the region of the vane leading edges. A continuous over-
flow from the outer channel into the adjacent channel occurred along
several inches of the correspondlng outer vane leading edge.
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Four curves of Cpr are presented for f = 12.00 inches in fig-

ure 26(d). Again, for n = 1 the flow was unsteady for all values of
b/a. With n = 2 +the flow was Just failrly steady. With n =3 the
flow was very steady for a value of b/e less than that at meximum Cpr:

at b/a = 1.28 the flow had become critical and at b/a = 1.42 it was
quite unsteady. The flow obtained for n = 4 exhibited somewhat differ-
ent characteristics; it was very steady over a range of b/a from zero
to approximately 1.k. As b/a was lncreased further, the fluctuations
developed in size and frequency until, at b/a = 1.64k, the flow was only
fairly steady. Two values of Cpr are shown at b/a = 1.64. The lower

value was obtained in bringing the flow up to speed. The inlitial flow
was unsteady and had large reglons of asymmetric separatlon. It appeared
to be "stable," but in the course of 10 to 15 minutes it shifted, by
stages, to the fairly steady flow for which the larger value of Cpg

was obtained. This latter pattern was stable.

The results obtalned for f = 15.00 inches (fig. 26(e)) were
practically the same as those obtalned for f = 12.00 inches. The only
significant exceptlon was that the values of Cpr for n =3 and

f = 15.00 inches were slightly less than the corresponding values for
f = 12.00 inches. The flow steadiness and the zones of separation were
essentially the same in all respects.

In summary of the above flows at 20 = 28.0°, it may be said that
the cheracteristics of the flows which were suitable for practical appli-
cation were similar to those obtained for 28 = 42.0°. The flows were
the steadilest for b/a = 1.0. As b/a was increased up to its maximum
useful value the fluctuatione increased in size and frequency. In addi-
tion, the zones of separation increased in slze and intensity. As before,
useful flows were consldered to be those which were at least fairly steady.
Figure 21(b) agein illustrates the separation patterns which occurred when
the diffuser had an efficient vane design, for example, using
f = 12.00 inches, n = 3, and b/a = 1.2.

It was considerably more difficult to obtain & steady flow for
20 = 28.0° +than for 26 = 42.0°. This is illustrated by the fact that
at 26 = 28.0° all of the flows for n = 1 and several of the flows for
n = 2 were unsatisfactory for practical application. This 1s probably
due to the fact that the unvaned diffuser flow at 26 = 28.0° 1is Just
out of the regime of large transitory stall (figs. 18 and 19).

Determination of optimum value of f.- The maximum value of Cpg

that can be obtalned for each value of f &nd n was determined from
figure 26. These values of Cpg were plotted against f/a using n

as the parsmeter (fig. 27). The value of f/a corresponding to the
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high-turbulence line of appreciable stall obtained by Moore and Kline
is shown by the solid symbol point on each curve. It can be seen that
(f/a.)as again falls approximetely on the high side of the knee of each
curve; however, in the case of n =3 & maximum value of Cpr was

obtained just before £/a = (f/a)gg. Explorations with tuft probe
revealed that the zones of separation in the vane channels increased

when f/a was increased with o held constant. When the flows were

at least falrly steady, the separation patterns that occurred were simi-
lar to the pattern illustrated in figure El(b). For the case of n = 3,

f = 15.00 .inches, and b/a = 1.2, additional stalls were observed in the
region of the trailling edges on the inner surfaces of several of the
vanes. These results are in very good agreement with the results obtained
for 208 = h2.0°; the only significant difference is that somewhat unstead-
ier flows were obtained with n =1 and 2 for 26 = 28.0°. It is
believed, however, that this difference does not detract from the signif-
icance of the concept of using the line of appreciable stall for deter-
mining the optimum value of £.

Determination of optimum value of n.-~ The maximum value of Cpr

obtained for each value of n, with £ = 12.00 inches, has been plotted
against a 1in figure 28. It is interesting to note the rapid decrease
of Cpr that occurred when n was increased from 3 to 4. This phenom-

enon strengthens the assumption made previously regarding the addition
of another vane in the comparable tests at 26 = 42.0°.

Figure 28 shows that, for 26 = 28.0°, the most suitable value of
n 1s that which makes o = 7.0°. Since this same conclusion was reasched
for 26 = 42.0°, it is reasonsble to conclude that, for the range of 28
investigated, when 20 1is a multiple of 7.0° then the optimum value of
n is that which makes « = 7.0°. Additional considerations regarding
diffusers in which 26 is not an exact multiple of 7.0° will be pre-
sented subsequently.

Effect of varilations of mola.- Tests were conducted which were com-

pareble to those discussed previously for 28 = 42.0°. For the present
case two values of b/a were used with f = 12.00 inches and n = 3.

The results for b/a = 1.04, which correspond to the configurations
tested at 26 = h2.0°, are shown in figure 29. Unlike the former results,
1t can be seen that the ratio of og/a 1s not critical. Furthermore, the

maximum value of Cpr occurs at a value of “o/“ slightly greater

than 1.0. The results which were obtained for b/a = 1.20 are also
shown 1n figure 29. At this position, however, the angle adjustment was
critical, and the maximum value of Cpg occurred at agfa = 1.0. The

latter results are in agreement with the results obtained for 26 = 42.0°.
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The results of the vane-angle adjustment tests obtalned thus far
lead to the concluslion that the equal-angle arrangement is the most -
sultable when the diffuser total included angle is a multiple of T°. -
This is Justified on the basis of the simplicity afforded by the equal-
angle arrangement and also by the fact that the meximum value of Cpy

occurs at or very near agfo = 1.0.

Determination of optimum velue of a.- Tests were made using three
values of & with_n = 3.0, f = 12.00 inches, and « = 7.0°. These
values were (1) & = aj (where &; is determined by equation (1)),

(2) a> a1, and (5) a < aj. From the resulting curves shown in fig-

ure 30 1t can be seen that little difference in Cpr was obtained over

the useful range of (2a + 2b)/Wl, regardless of whether a 1is greater —
or less than a;. Oversll, the flow was slightly steadier and the maxli-

mum value of Cpr was slightly larger when a = aj. .Consildering the

desirability of a simple criterion, and on the basis of the results thus
far presented, it can be concluded that the most sultable value of a
is g;. -

Effect of vane end clearance.- End-clearance tests were conducted
which were identical to those described for 26 = 42.0°. The results, .
along with the cluster geometry and orientation, are presented in
table IX(b). The difference obtained between any two values of Cpg

is less than the uncertainty interval for Cpgr. Further, the flow N

steadiness for each confilguration was essentially the same. Conse-
quently, it can be concluded that, for the optimum clusters at

20 = 28.0° and 42.00°, the ‘end clearance has no significant effect on

the diffuser performance. "It is noted that the effect of cluster end
clearance has been evaluated only for odd values of n, and since the
holder mechanism 1s different for even values of n, it cannot be sald at
this point that the end-clearance effect is negligible for even values of
n. Further considerations for even values of n are given subsequently.

Determination of optimum value of b/a (26 = 28.0° and 42.0°).-
There are at least two considerations involved in obtalning a good dif-
fuser performance. One is the production of a smooth flow and the other
1s the attainment of a large pressure recovery. With these 1ldeas in
mind a study was made of the curves given in figures 20 and 26. It was
found that a steady flow was reasonably Ilnsured and a near-maximum value
of Cpr was obtained when b/a was set equal to 1.2. Conservative

design for good recovery with assurance of steady flow might well be =&
compromise value of b/a 1in the neighborhood of 1.1 since the curves of
Cpr plotted against b/a for optimum values of n are quite flat.
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These considerations of b/a ére completely emplrical and are limited
to the near-optimum cluster configurations.

Summary of Results for 26 = 28.0° and 42.0°

The vane design criteria that has been thus far developed can be
summarized as follows:

28

(1) An equal-angle cluster should be used where a = e

(2) The number of vanes n should be selected so that o = T7.0°.

(3) The vane spacing & should be determined from the relation
Wy
n+ 1’

(4) The vene length f should be selected so that f/a = (£/a)gs,
where (f/a)ggs 1s obtained from Moore and Kline's high-turbulence line
of apprecisble stall (ref. 4) at the corresponding velue of a.

(5) The cluster should be positlioned so that b/a = 1.2.

When « satisfiles the definition given in item (1) then item
(2) is not applicable unless 20 1is a miltiple of 7.0°. Considerations
for 28 when it is not a multiple of T7.0° are given below.

Ttems (3), (4), and (5) do not directly involve 26. For the range
of 260 i1nvestigated, it Is believed that they are applicable for all
values of 26 regardless of whether 26 is a multiple of 7.00.. No
additional testing was done to investigate explicitly the suitebility of
items (3), (4), and (5). However, the excellence of the pressure recov-
eries that were obtalned in later tests leaves little doubt of the ade-
quacy of these criteria.

Investlgations at Other Angles

Determination of optimum value of n for any value of 28.- This
part of the experimental investigation was designed on the basls of the
following hypothesis. For any angle 28, n should be selected so that
the difference between the resulting value of a and 7.0° is & minimum.
(It is to be understood that « 1s defined by equation (2).) The curve
of a which ylelds the minimum difference between o and 7.0° is plotted
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against 28 in figure 31. There are four values of 26, in the range
between 14.0° and 42.0°, at which ap - 7 = 7 - ap,y- These values are

26 = 16.8% 24.0°, 31.1°, and 38.2°. Tests were conducted at values of

26 = 16.80, Eh.5°,l 31.1°%, and 38.2°. Two values of n were used for
each of these tests, namely, n end n + 1 for vhich o« was, respec-
tively, greater than and less than 7.0°. In addition, tests were con-
ducted at 26 = 21.0° with n =1, 2, and 3.

In all these tests, the values of a, &a, and b/a were determined
from items (1), (3), and (5) given in the preceding summery. It was not
possible to use the exact values of f specified by item (4) because only
five vane lengths were avalleble. However, wlth the exception of
26 = 16.80, the sctual values of f were sufficiently close to the
specified values to assure performance consistent with the design cri-
teria. Fortunately, the performance obtained at 26 = 16.8° also appesars
compatible with the design criteria. B

It was intended that the curves of Cpg plotted against 26, obtained

for each value of n, would be extrapolated to determine thelr points of
intersection and thereby locate the value of 268 at which CPRn = CPRn+l'

The combined curves of Cpr would determine an envelope of maximum Cpg.

The criterion for the determination of n at any value of 26 would
then simply be a matter of selecting that value of n corresponding to
the point in question on the envelope.

Before considering the results of the sbove tests, 1t should be
noted that a series of tests was conducted at 26 = 14.0°. Several
values of b/a were studied for each value of f with n = 1.0. It
was found that the meximum value of Cpr obtained with the vanes was

identical to the value of Cpr obtained without the vanes.

The results of all the above tests are presented in figure 32. It
can be seen that the curves of Cpr obtalned when n was even fall

below the envelope of Cpr described by the curves obtalned when n

was odd. This was not altogether surprising because it had been sus-
pected that the vane holding mechenism for odd values of . n was more
favorable than the mechanism for even values of n. It is shown in
figure 10 that a dummy vane end was required when the value of n was
even but not when the value of n was odd. It is believed that the

log = 24.5° was used in place of 26 = 24.0° because the diffuser
was lnadvertently set at the former value. Since 26 = 24.50 would
accomplish the desired objectives, it was felt unjustified to spend the
additional time required to readjust the diffuser.
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additlonal disturbance of the flow caused by the dummy vane end is respon-
sible for the anomaly shown in figure 32. This belief was substantially
verified in a later test at 26 = 31.1° in which the vane holding mecha-
nism for even values of n was modified. The pressure-recovery coefficient
obtailned for this test is indlicated In figure 32. A more detailed dis-
cussion of the modified holder mechanism is given below. =

-

The envelope of Cpg defined by the curves for odd values of n
can be used to determine the desired values of n for any given 286.
However, it 1s probable that the vane ends would be attached directly
to the diffuser walls in an sctual application where no requirement for
adjustment existed. At any rate, the actual mechanism would undoubtedly
be more streamlined than the dummy vane end used in the present investiga-
tion. Therefore, it is more realistic to estimate the probable value of
Cpr which would be obtained with streamlined holders for n = 2 and k.

Such an estimate 1s shown by the dashed curves in figure 32.

Modification of vasne holder, 28 = 31.1°.- A photogreph of the
assembled cluster and the modified holder mechanism is shown in fig-
ure 10(c). With the exception of the holder mechanism, the cluster was
identical to the four-vane cluster in the tests described in the pre-
ceding section.

The modified holder mechanism consisted simply of four steel dowels
inserted into four small teardrop-shaped receptacles. Each receptacle
was soldered to its respective cluster assembly dowel. No provisions
were made to adjust the position of the holders relative to the cluster.
The cluster was positioned at b/a = 1.15 instead of at b/a = 1.2 in
order to reduce the overall size of the receptacles required. If the’
cluster had been positioned at b/a = 1.2, then the axis of the supporting
dowels would have intersected with the asxis of the cluster assembly
dowels. At b/a = 1.15 the supporting dowels passed under the cluster
assembly dowels; consequently, receptacles of small cross section could
be employed. As mentioned previously, the pressure-recovery coefflclent
increased markedly with the modified hangers. The test point is shown
in figure 32.

An additional test was made in which the end clearance of the cluster
was sealed with drafting tape. In contrast to the results of the previous
tests of this character, a significant difference in Cpgr was found to

occur. The values of Cpr obtained are as follows: With no tape,
Cpr = 0.706; with tepe, Cpg = 0.735. The flows were steady in both

instances, but if a cholce were to be made it would be in favor of the
taped or zero-end-clearance flow. It is not fully understood why such

a difference occurred when the modified holders were used. It has been
shown previously that no such effect occurred when the values of n were
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odd. However, for odd values of n the center vane serves as part of
the holder mechanism and as a result there are few obstructions in the
flow. It is possible for odd values of n +thet most of the disturbances
which are caused by the holders are damped &hd confined immediately by
the presence of the center vane. Consequently, the addition of tape
over the end clearance serves little purpose. In contrast, for even
values of n there is no center vane to affect any control of the dis-
turbance created by the holding mechanism; that 1s, the dlsturbances
mey propegete downstream much more readily. Thus, it may be that when
the end clearances are sealed for even values of n +the holder distur-
bances sre confined to the center channel and consequently an increase
in Cpr results. This explenation is plausible; however, it is only

conjectural.

The signiflcance of the present overall results is not lessened by
the fact that the holder mechenism and the end clearance for even values
of n reduced the actual value of Cpr below what it was possible to
obtain. In other words, the relative effects for even values of n could
s5till be determined and this was the more important matter. The only
instance in which the reduction in Cpr was detrimental was in the gen-

eral determination of the optimum value of n. However, since the order
of megnitude of these effects has been determined (see the test points
for the modified holder glven in fig. 32), it is believed quite reason-
able to estimate the probable value of Cpr for even values of n. The

results thus obtained are very plausible and any deviations of Cpr from
the estimated curves should be quite small.

Effect of verilation of mO/m at 26 = 2#.50.— Two curves of Cpg

plotted egainst ag/a are given in figure 33, one for n =2 and one

for n = 3. The cluster geometry and position corresponding to both
values of n were as follows: f = 15 inches, a = Wl/(n + 1), and

b/a = 1.2. At 28 =24.5°, o =8.0° with n=2 end a = 6.0° with
n = 3. With these configurations, it was possible to study the effects
of adjustment in o when total divergence angle was not nesar s multiple
of T7°.

The curves in figure 33 show that the value of ao/m is not criti-
cal for either value of n over the range of a investigated. The
maximum velue of Cpr for each value of n appears to occur at values
of agfe slightly less then 1.0; however, the difference between the
maximum value of Cpr and the value at agpjo = 1.0 is insignificant.

From this evidence and from the results that have been presented previ-
ously, 1t can be concluded that the equal-angle arrangement is the most
-satisfactory over the range of 26 which has been investigated.
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DESIGN CRITERIA

Finally, a summary can be made of the complete design criterla which
has been developed in the present investigation. It is to be recalled
that the vane cluster geometries are restricted as follows: (1) The
vanes are of equal length £ (2) the vanes are uniformly spaced with
respect to each other; (3) the value of « 1is equal for all adjacent
vanes; (4) the leading edges of the vanes are tangent to a plane per-
pendicular to the geometric axis of the diffuser; and (5) the cluster
is symmetrically disposed with respect to the diffuser. The vanes in
question are simple thin flat plates which have well-rounded leading
edges and smoothly faired trailing edges.

The design criteria have been developed under the condition of a
relstively thin and favorable turbulent inlet boundary layer. It 1s
reasonsble to assume that results, comparable to the present results
mey be obtained with 6*/Wl several times larger than the present value

of approximately 0.003. However, the effect of the inlet boundary layer
on the performance of & well-vaned diffuser is not known and awaits fur-
ther study. Until such information is available, it is to be understood
that the following statements concerning the diffuser performance and
flow characteristics can be applied with assurance only to diffusers
having "thin" turbulent inlet boundary layers.

An excellent pressure recovery and a reasonably smooth flow can be
obtained with a two-dimensional, wide-angle, plane-wall, subsonic dif-
fuser when the previously described vane clusters are installed in
accordance with the design criteris given below. For L/Wy = 8, the
smallest value of 20 for which vanes are helpful is approximately lh.5°.
The vaned-diffuser performance has not been studied for values of 286
gignificantly larger than 42.0° because of geometric limitations of the
spparatus. The criteris are:

(1) The angle o should be determined from -the equation

o = 20

" n+ 1

(2) The proper value of n, for any given value of 26, may be deter-
mined from the envelope of Cpr shown in figure 32. (The estimated por-
tions of the curve for n =2 and n = 4 should be used in preference '

to the actual curves obtained from this investigation.) When 26 is a
miltiple of 7.0° then n should be selected so that o = T7.0°.
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(3) The vane spacing a should be determined from the equation
Wy
n+ 1

a8 =

(4) The vane length f should be selétted so that £/a = (f/a)gg-
The value of (f/a)gg, corresponding to o determined by item (1),

should be obtalned from the high-turbulence line of apprecisble stall
obtained by Moore and Kline (ref. 4). This curve is shown as line aa
in figure 4. :

(5) For optimum recovery, the cluster should be positioned so that
b/a = 1.2; where smooth flow is more important a lower value of b/a
in the range of 10 < b/a < 1.2 should be used.

Performance Obtalnable at 26 = 28.0° Over Range of L/Wl

It was beyond the feasible scope of the present investigation to
map out completely the performence of the vaned-diffuser configurations.
However, in order to evaluate typical performance capabillitlies of a
well-vened diffuser over the usual range of practice in terms of length
ratio as well as divergence angle, tests were conducted with the fol-
lowing values of L/Wp: L.17, 6.25, 10.4, 12.5, 15.6, and 18.8. Values

of n, «, &, and b/a were selected in accordance with the design
criteria. Again, 1t was not possible to use the exact required values
of f ©because only five vane lengths were available. The actual values
of f employed are given in the followlng table for the conditions

26 = 28.09, n =3, a=17.0° and (f/a)gg = 19.3:

Wl: a, £, in. L,

in. in. Required Used in.

6.00 1.50 28.9 15.0 25.0
k.00 1.00 19.3 15.0 25.0
2.40 .60 11.6 12.0 25.0
2.00 .50 9.65 9.0 25.0
1.60 4o 7.72 9.0 25.0
1.33 .33 6.4 6.0 25.0

With the exception of Wy = 6.00 and 4.00 inches, the actual values of

f were in reasonable agreement with the required values. It is inter-
esting to note that when W; = 6.00 inches the required value of £

is greater than the length of the diffuser. Obviously, 1in such a case

the vanes should not extend beyond the diffuser exit plane. Configura-

tions of this type are commonly known as Oswetitsch diffusers. (An »
Oswatitsch diffuser is a wide-angle diffuser divided into a number

of T° passages all running the full length of the diffuser.)
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The curves of Cpr obtalned with and without the vanes are glven

in figure 34. Two values of throat-width Reynolds number were used, and
it can be seen that thls produced a very large effect on the recovery of
the unvaned unit but essentially no effect on the recovery of the vaned
unit.

The nature of the difference between the two curves of unvaned-
diffuser performasnce shown in figure 34 1s quite inexplicable. Previous
results have shown that an increase in turbulence level tends to fore-
stall the onset of fully developed separation as the engle 1s increased
at a constant value of L|Wj. Figure 18 shows that at 26 = 28.0° an

increase of turbulence level should produce a similar phenomenon as
L[Wl is increased at a constant value of 26. Since it is shown in

figure 14 that an increase in Reynolds number corresponds to an increase
in turbulence level, it would seem loglcal that the higher Reynolds num-
ber curve in figure 34 should have the break at the higher value of L[Wl.

Actually, the converse occurs. The cause of this phenomenon was not
explored further because the phenomenon itself does not detract from the
desired objective. In fact, the difference between the two vaneless-
diffuser-performance curves helps to illustrate the beneflcial effects
of the vanes. In other words, without the vanes the performsnce of the
glven geometries was quite dependent upon the inlet conditions. However,
when the diffuser was vaned in accordance with the above design criteria,
a good performence was obtained which was essentially independent of the
inlet conditions, and good recovery and smooth flow were obtained for
each geometry tested.

It has been mentioned that the actual values of £ for
L/Wl = 4.00 and 6.00 were considerably less than the values specified

by the design criteria. Figure 34 shows that the resulting effect on
Cpr was not large at L/Wl = 6.0. For this case f was only approxi-

metely 22 percent smaller than the value specified by item (4) in the
preceding section. However, the effect at L/Wl = 4.0 was appreclable.

For this case the design criteria called for an Oswatitsch diffuser, but
the longest vane avelleble was too short by approximately 32 percent.
The agreement that 1s shown in figure 34 between the extrapolated por-
tion of the vaned-diffuser Cpg curve and the predicted behavior of

the appropriate Oswatitsch diffuser is felt to be particularly encour-
aging. In order to predict the performance of the Oswatitsch diffuser,
a unit was visuaslized which was dlvided over its full length into four
vane chennels. Each individusl vane chsnnel then had a T.0° total diver-
gence angle and a value of f/a which was four times the value of the
diffuser L[W;. From this geometry the vene-channel area ratio R was

calculated, and the corresponding value of Cpg was obtained from the
data of Reid (ref. 6).
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In all the vaned-diffuser configurstions the resulting flows were
at least falrly steady. On the other hand, the flows obtained for sev-
eral of the vaneless configurations were definitely unsteady. The separa-
tion patterns obtained for all the vaned configurations were very much
like the pattern illustrated in figure 21(b).

Summary of Performence Obtalnable Using Present
Vane Design Criteria

Recovery, effectiveness, and head loss.- Curves of Cpg,

— CPRjges1’
Mps and Hy, are given in figure 35. In figure 35(a) smooth curves of

Cpr and 17p have been drawn for the vaned-diffuser results; the curve
of Cpgr was obtained by taking 2 mean of the odd values of n and the

estimated even values of n from the curves given in figure 32. (This
method is belleved to be valid for the reasons given previously.) The
curves of Tnp and Hy were calculated from the curves of Cpr and

CERideal shown in figure 35.

Figure 35 clearly illustrates the good performasnce that can be
obtained by using the vaned-diffuser configurations speclfied by the
present design criteria. For a value of L/Wl of epproximstely 8.0,

a neaerly twofold improvement in Cpgr can be obtained at an included

angle of 42.0°. (It is probable that comparable results can be obtained
for much larger angles.) More importantly, for amy value of 26 from
14.0° to at least 42.09, = value of Cpg may be obtained which is nearly

equal to the maximum value of Cpgr obtalnable with a vaneless diffuser

set at its optimum-pressure-recovery angle. In other words, using vanes,
it is possible to design two-dimensional, wide-angle diffusers which will
perform nesrly as well as, if not better than, the former two-dimenslonal
optimum-pressure-recovery vaneless diffusers. The excellence of the
pressure recoverles obtained at a constant angle (26 = 28.0°) with vari-
able values of L/Wl also suggest strongly that satisfactory pressure

recoveries can be obtalned for any combination of 26 and L[W; over

the range of the parameters investigated. Furthermore, it is relastively
certain that satlisfactorlily steady flows will also be obtained for all
configurations using the design criteria developed.

The curve of CPR,yn.q Shown in figure 35(b) (for 26 = 28.0°)

decreases slowly as L/Wl is increased beyond approximately 6.0. For
other values of 26 it is probable that the maximum value of CPR will
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occur at L[Wy > 6.0 for 26 < 28.0° and at L/W; < 6.0 for 26 > 28.0°.
However, it must be remembered that when L/Wy =0 then Cpg = O. There-
fore, the maximum value of Cpr for any value of 26 probably cannot
occur at a value of L[W; much less than 5.0.

As previously noted the curves of ﬁi given in figure 35 include

not only the head loss due to dissipation but also the excess leaving
kinetic energy above that required for a one-dimensional exit flow.
Nevertheless, as a basis for comparison these curves are very signifi-
cant. They show that for included angles greater than about 23.0°, the

head loss incurred with the vaneless configurations is about 2 to 2%

times as large as the head loss incurred with the vaned configurations.

Effect of inlet conditions.- Figure 35(b) illustrates another desir-
able feature of a vaned diffuser, which 1s, in contrast to the corresponding
vaneless units, that they are much less sensitive to changes in inlet condi-
tions. This 1s shown by the fact that, for ldentical geometries and two
flow rates, the curves of Cpr obtalned with the unvened units for each

flow rate were completely different. On the other hand, no apprecisble
difference in Cpr was obtalned with the vaned units using the same

flow rates and the same range of geometry. The relative insensitiveness
of the vaned units was further demonstrated in the course of the testing.
When a large-scale turbulence was created in the entrance flow (e.g., by
rapid haend weving back and forth in the entrance region), large areas of
separation in the diffuser could be elther diminished in extent or com-
pletely washed out in the case of unvaned or poorly vened units; this
was accompanied by & surge In the flow indicating that a larger pressure
recovery was obtained. When the creation of the additionsl disturbance
was stopped, the flow would revert to its former pattern. In contrast,
when the same kind of turbulence was created in the entrance region of
the well-vaned configurations, very little change occurred; at most, the
throat manometers would show a slight decrease in throat pressure (indi-
cating a slight increase in CPR): but no change in flow pattern could be

discerned.

Effect of wall disturbances.- It should be noted in respect to these
deslgns, that care must be exercised to insure that large disruptions of
the boundsry layer are not inadvertently created. The effect of such dis-
ruptions, even though they may sppear minor to the eye, can be quite ser-
ious. This 1s well illustrated by the tests of the varlious hanger systems
described previously; however, even greater effects than those described
earlier were observed with the first set of modified hangers that were
tried. This first modified hanger system consisted of thin flat pletes
which were soldered to the ends of the vanes. These plates served the
duel purpose of holding the cluster together and of simultaneously sealing
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the end clearances. The plates were supported in the diffuser with
small flatheaded screws which extended from the plates through the pres-
sure tap fittings in the diffuser side walls. The cluster configurations
conformed to the design criteria, but it was found impossible to obtain
either & good pressure recovery or & smooth flow at any value of b/a.

On the other hand, when the streamlined holders (described previously)
were used with this same cluster confilguration, both very good pressure
recovery and flow steadlness were obtalned.

In such designs the important thing seems to be that the boundary
layer should not be disrupted across the entire wall surface. If dis-
ruption 1s unavoldable it should be limited to dimensions which are
small normal to the flow. This then allows the small stall created to
be filled in downstream by the crosswise mixing of the flow. This
effect can be rationalized in terms of the behavior discussed in ref-
erence 2.

Exit velocity profile.- The diffuser exlt velocity profile is very
useful in qualitatively evaluating the diffuser performence, and it is
also often of importance to the performance of downstream components.

It has been shown by Moore and Kiine (ref. 3) that the ideal exit veloc-
ity profile is a one-dimensional profile. However, a one-dimensional
profile does not necessarily, by itself, guarantee high performance

since frictlonal effects also reduce recovery. For example, a study of
the use of screens in diffusers has been made by Schubauer and Spangenberg
(ref. 15). They found that almost any desired degree of one-dimensionality
of the exit flow could be atteined simply by adding a sufficlent number of
screens, but the total-pressure loss from friction due to the screens more
than offset the gein realized by the more nearly one-dimensional exit
profile.

The dimensionless velocity contours glven in figure 36 show that
large improvements in the exit velocity profile can be obtained with
well-designed vanes. The normelizing velocity for these contours 1s the
corresponding ldeal one-dimensional velocity that would have been obtained
at the same diffuser flow rate. The zones of separation are shown by
crosshatching.

At 26 = 16.8° the addition of one vane did not appreciably reduce
the maximum exit velocity; however, it did have the effect of "flattening
out" the flow so that a much smaller portion atteined the maximum veloc-
ity. Also, for the vaned flow the total area of the separated zones
was somewhat smeller and the separation occurred only in the corners.

At 20 = 24.5°, 31.1°, and 42.0°, the cheracter of the exit flow
was completely altered by the addition ¢f the vanes. This effect is
particularly noticesble for 26 = 31.1° and 42.0°. It can be seen that
the separation was not only markedly reduced Iin extent, but it was also
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almost completely confined to the side walls of the diffuser. Further-
more, the maximum exlt velocities were reduced by a factor of approxi-
mately 2.0. It is not surprising that large improvements in Cpr result
when properly designed vanes are used.

As the results of the present tests were accumulated, the recoveries
found were so large in comparison with the values found for the unvaned
diffuser, that 1t was belleved that large further improvements were not
likely. A careful examinastion of figures 36 to 39 shows, however, that
this is not altogether true. It is of course true that 1f the recovery
is increased from, say, 20 percent or even 40 percent up to 75 percent,
then a further gain of the same magnitude 1s not even theoretically
possible. However, 1t is also true that slgnificant further improve-
ments are theoretically feasible, and this is substantiated by the fact
that epprecilable areas of stall still do exist in the exit of the vaned
diffusers at high angles. Suggestions for possible means of further
improvement asre given later.

Inlet Mach number.- The present investigetion has been limited to
values of inlet Mach number low enough so that the flow 1s essentially
incompressible. Consequently, it is logical to question the applica-
bility of the present vane deslign criterias to flows 1in which apprecisable
compressibllity effects occur. Fortunstely, some investigations have
been conducted in which the diffuser inlet Mach number has been varied
from very low values up to values where choking conditions occur. In
general, 1t has been found that no sppreciable change In performance
occurs as a result of the higher flow rate until some part of the 4if-
fuser begins to operate at sonic conditions. In particular, Young and
Green (ref. 16) found this to be true for a two-dimensionsl diffuser in
which they installed splitter vanes. Thelr performance curves were
quite flat up to inlet Mach numbers of approximately 0.6 to 0.7. At
values of Mach number much greater than 0.7 their diffuser losses
increased et a very high rate. The results of the other availlable
investigations are very similar to those of Young and Green. On the
basls of these results, it 1s reasonable to suppose that the present
design criteria are appliceble to high-speed flows as long as sonic con-~
ditions do not prevail anywhere in the diffuser; however, this conclu-
sion should be verified experimentally. It is noted that for higher Mach
numbers particular attention must be paild the leading edges of the vanes
as well as the curved portions of the throat. Because of the corre-
sponding local flow accelerations, it 1s likely that sonic conditions
will be obtained at these locations before they occur elsewhere in the
diffuser. In thils connectlon the use of b/a > 1, that is, of a value
of ¢ > 0, should be of definlte assistance in achleving good perform-
ance at inlet Mach numbers approaching unity. Since for ¢ > 0 some
flow deceleration occurs before the commencement of the vanes, the like-
lihood of occurrence of local sonic flow and shock waves nesr the leading
edges of the vanes is much reduced.
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It is recognized that thin vanes of the type used in this investi-
gation are susceptible to aerodynamic flutter in high-speed flows. In
fact, some flutter difficulties were experienced in the present pre-
liminary testing. Flutter first occurred using a single 9-inch vane.
This was readily stopped by installing small-diameter bracing rods which
held the vane 1n the center 1 inch or so downstream of the leading edge.
Flutter was agaln encountered at the trailing edge of the 12- and 15-inch
venes for the single-vane installation. This flutter was readily stopped
by passing a 1/16-inch-diameter steel rod through the center of the vene
1/2 inch upstream of the tralling edge and through both diverging walls
of the diffuser. The wire was grasped firmly at the vane and the wealls
by smaell set screws. No difficulty was experienced with the multiple
vene clusters because the slx cluster assembly dowels produced a suffi-
ciently rigid vane assembly. It is belleved that the vanes can be ade-
quately braced for eny practical epplication; however, care should be
exercised to insure that the braces are not near the walls they parallel
and that they are small and well streamlined. It is possible that a
poorly designed brace could produce an excessive disruption of the bound-
ary layer and thus precipitate large regions of separation; this would
nullify much of the effect of the vanes.

Design Considerations

The foregoing discussions have indicated that the use of vanes for
production of wide-angle diffusers of high performance is now well
esteblished for the case of low-speed flows in a two-dimensional geome-
try. With these results in mind, it is well to discuss briefly the
problems that can be foreseen in adapting them to practical designs.
There are several important considerations.

First, are the designs critical in respect to the use of vane clus-
ters requiring careful tolerance of manufacture? Since no special manu-
facturing methods or measuring techniques were used in obtaining the
present results, the answer to thls question is definitely no. It is
not anticipated that special problems of this sort will normally arise.

Second, how critical are the various optimums presented 1n the
design criteris that have been developed? The answer to thils question
1s given by the curves dilscussed previously. Examination of these
curves shows that the optimums are quite flat in regard to vane length
and placement and also (at least near the meximum pointe) in regard to
the ratio of individual passage angles. The curves of recovery as a
function of individual passage angle, figures 23 and 28, however, are
relatively sharp although the peaks are flat enough to insure reasonsble
tolerances. Also, as noted previously, the value of b/a should not
exceed 1.20 since in some cases unstable flows may then ensue. In fact,
for smooth flows, a value less than 1.20 may well be a better compromise.
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Unstable flows mey also be encountered when the vane 1s made longer than
that specified by the design criteria. Thus, considerable latitude is
available to the designer provided two rules are held in mind: (l) The
individuael passage engles should be varied as little as possible from
optimum, and (2) the optimum value of vane length and of h/a should
not be exceeded.

Third, the question concerning .extension of the favorable results
found 1n the present investigation to other geometries and other inlet
conditions naturally arises. Since the design method built up in this
work is founded essentially on empirical observations of the flow and
since only a qualitative theory of the nature of vane action is avail-
able (see ref. 2), this gquestion cannot yet be answered with certitude.
Further experimental investigations for other geometries and other Iinlet
conditions are being pursued, but this does not solve current design
problems; therefore, the followlng remsrks are made.

It is believed that vaened systems should gilve good performance
for other geometries, but no design procedure can yet be given. dJudg-
ment in epplying the results of Moore and Kline (refs. 3 and 4) and the
other availlable diffuser data ls therefore the only present recourse.

The results found In this work will probably hold good wlthout
major alteration up to inlet Mach numbers where shocks or choking first
occur in the unit.

The effect of variation in inlet free-stream turbulence on vaned
units does not seem to be critical. The effect of variation in inlet
boundary-layer thickness is unknown, but it is relatively safe to assume
that more comservative deslgns must be used where thick inlet boundary
layers occur. The amount of conservatism needed is still s matter for

Judgment .

The effect of skewed inlet veloclty proflles on vened systems
should be slight unless the skewing is very large and of such a nature
that large stalls are produced on the leading edges of one or more vanes.
The usual corrective actions for such an occurrence can, of course, be
taken.

Possibilities for Further Improvement

Additional vane adjustments.- In the present investigation 1t was
necessary to limlt the degrees of freedom of the vaned-diffuser geome-
tries in order to obtain a feaslble test program. However, now that
specific criteria have been developed with which lerge improvements in
performance can be obtained, it is useful to consider additional vane-
cluster refinements. As mentioned previously, one such refinement would




60 ' NACA TN L4309

be to adjust the divergence angles between adjacent vanes in a symmetrical
but nonuniform manner, that is, to make the divergence angles of the outer
channels smaller than the asdjacent channels and so on. Two other possi-
bllities are (1) using vanes of different lengths in the same cluster,

and (2) placing the leading edges of the vanes in a given cluster at dif-
ferent axlal locations. These adjustments are only speculative and await,
further study. However, it 1s believed that further refinements in the
vane geometry do not hold as much promise as the combined use of the pres-~
ent cluster geometries and sultable vortex generators or other boundary-
layer control devices.

Vortex generators.- The combination of the works of Moore and Kline
and others and the mechanlsms discussed in reference 2 suggest that addi-
tlonal lmprovements in performance can be obtained by superposition of
vortex generators or turbulence promoters with the present vaned dif- .
fuser geometries. Moore and Kline (ref. 3) clearly illustrated the
important effect of turbulence level in one water-table test in which
they completely eliminated a fully developed two-dimensional stell by
plecing small-dlemeter rods in the upstream flow near the diffuser inlet.
Initially, the stall extended to within a few inches of the diffuser
throat, but as the rods were successively inserted (normsl to the paral-
lel wall) across the entering flow stream, the point of inception of
the fully developed stall progressed downstream step by step until it
was finally washed from the diffuser. When the rods were removed, the
diffuser again developed a fully developed stall.

Valentine and Caroll (ref. 17) and Wood (ref. 18) investigated
various types of vortex generators placed Just upstream of the throat
in, respectively, conlcal and annular diffusers. It was found that con-
sldersble improvements could be obtained in both flow steadiness and
static-pressure rise. The results presented in references 17 and 18
cannot readily be compared with those of the present investigation
because of differences in inlet flow conditions and geometry. However,
the ratio of the performence increase to the performance of the unmodi-
fled units and the amount of extension of divergence angle are both much
larger in the present work than those obtalned in these studies. Never-
theless, the results of Valentine and Caroll and of Wood 1llustrate the
possibllities of vortex generators. It is not likely, however, that
vortex generators placed upstream of the throat will be as effective
in vaned units as similer vortex generators placed at discrete locations
in the diffuser. The reason for this has been discussed previously in
the section entitled "Effect of Inlet Conditions."

Several tests were conducted in the present investigation in which
a palr of l%-inch-diameter rods were placed in the entrance flow. The

rods were perpendicular to the parallel side walls and were symmetrically
located 1 inch above the outer extremity of each of the entrance lips of
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the diverging walls. The Reynolds number of each rod, based on the rod
diameter, was approximately h,500. The objective of these tests was to
create en increase 1n turbulence level in the flow adjacent to the
diverging walls. The vaned-diffuser geometry used is given in table IX.
(These are the seme configurations used in the end-clearance tests.) The
results are given as follows:

20, End-clearance Cer
deg condition
With rods Without rods
28.0 Open ends 0.771 0.764
28.0 Taped ends 767 .T763
k2.0 Open ends 726 716
k2.0 Taped ends .720 STLL

The improvements obtained in Cpg by the addition of the rods are

relatively small. At 26 = 28.0° the increase is of the order of the
uncertainty in Cpgr, but the trend in all the tests is consigtent and in

agreement with the changes in the flow patterns that were observed. In
other words, when the rods were added the resulting flows were steadier

in every case and showed a slight reduction of the oversll extent of
separation. No account was taken of the drag of the rods which, of course,
would reduce the overall gain in Cpg. However, these tests were con-

ducted primarily to demonstrate further the effect of changes in the
inlet turbulence level. An evaluation of more properly oriented vortex
generators awaits further study.

COMPARISON WITH WORK OF MOCORE AND KLINE

The present work was an extension of the work of Moore and Kline
(refs. 3 and 4), and essentielly complete agreement has been obtalned
on all but one point. This exception is in the preliminary work (ref. k)
conducted with the alr apparatus used in this investigation. In the
report of this work Moore and Kline present curves of Cpr plotted

against 26 at constant values of L[Wl for the vaneless diffuser.

These curves are quite different in character (at high values of 26)
from the curve shown in figure 19 of thé present report. Instead of a
continuous curve, Moore and Kline obtained curves in which Cpg

decreased suddenly at a particular value of 26. For further increases
in 28, the curve then continued in & smooth fashion emanating from the
low value of Cpr. The reason that such a difference occurred between
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their results and the present results 1s atitributed to the fact that a
different experimental technique was used. Because of the lack of other
means of flow control at that time, Moore and Kline held the fan speed
constant and then increased 28. At a given value of 26, which was
dependent upon the flow rate, the flow would breakdown resulting in
both reduced pressure recoveries and reduced flow rates. However, it
has been shown that a change in flow rate produces a change in inlet
turbulence. It is belleved that thils change in turbulence level and

the coupled effect of the fan-diffuser combination are responsible for
the difference in results that has been obtained. It should be recalled
that in the present work a constant value of flow rate was forced on the
diffuser for each curve, regardless of the fan speed. When operating
at constant flow rate, the inlet conditions were held constant and, con-
sequently, the smooth curve shown in figure 19 was obtained.

SUMMARY OF RESULTS

An investigation of the use of flat vanes in two-dimensional sub-
sonic diffusers was conducted. The results of thls work taken in con-
Junction with the results of gome of the preceding work, all of which
have been obtained using a thin turbulent inlet boundary layer and
nearly constant inlet velocity profile, are summarized as follows:

1. Water-table results indicate that four regimes of flow are
obtained in & simple plane-wall two-dimensional diffuser as the included
angle is varied, with the ratio of wall length to throat width, the flow
rate, and all inlet conditions held constent. Increasing the divergence
angle from 0° causes these regimes to appear in the following order:

(1) A regime of well-behaved apparently unseparated flow, (2) a regime

of large transitory stall in which the separation varies in size, inten-
sity, and location with time, (3) & regime of essentially two-dimensional,
relatively steady, fully developed stall in which the flow follows along
one wall with little or no expansion occurring, and (4) a regime of jet
flow in which the flow separates from both diverging walls and proceeds
through the diffuser in a fashion similar to that of a free Jet. The
boundaries between these regimes are not unique functions of included
angle but depend strongly on at least the ratio of wall length to throat
width end turbulence level. The boundary between regimes (1) and (2) is
called the line of appreciable stall. T T ' - B

2. Results on the alr apparatus indicate the following behavior as
the included sngle of a vaneless two-dimensional diffuser 1s increased,
with the ratio of wall length to throat width, flow rate, and all inlet
conditions held constant: (1) The pressure effectiveness attains a
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maximuim value at an angle appreciably smaller than the angle of maximum
pressure recovery; (2) the pressure recovery becomes & maximum at or near
the line of apprecisble stall; (3) at an angle slightly greater than
the angle of meximum recovery the flow becomes very unsteady, large
transitory stalls develop, and the pressure recovery decreases Very
rapidly; (4) when the angle is increased sufficiently the flow is again
relatively steady, a fully-developed stall occurs, and the pressure
recovery is near a minimum. Jet f£flow was not obtained because of geo-
metric limitations of the apparsatus. (With the ratio of wall length to
throat width set at approximately 8.0, meximum pressure effectiveness
was obtalned at approximately 8.50, meximum pressure recovery, and
shortly thereafter the beglnning of unsteady flow, was obtained at
approximately lh.Oo, relatively steady flow with fully-developed stall
was obtalned at approximately 31.0°, and continuing steady flow with
low pressure recovery was obtained up to 42.0°.)

3. With the use of the vane design criteris developed, the fol-
lowing very good diffuser performance is possible over the investigated
range of lemgth ratio and included angle: (1) From about 14.0° to 42.0°
a pressure recovery may be obtalned which is very nearly equal to, and
in some Instances greater than, the maximum value obtalnable in a vane-
less unit set at optimum pressure-recovery angle; (2) a satisfactorily
steady flow can be cbtained at angles up to 42.0°; (3) the flow is much
less sensitive to varlations in inlet conditions than the corresponding
vaneless diffuser; and (4) a significant reduction in head loss, which
amounts to about a 2.5-fold reduction in some instances, may be obtained.

4. The performance of the diffuser with optimum vane configurations
has not been completely mapped out, but tests made with wvarieble included
angle at constant length ratio and with variable length ratlo at constant
included angle strongly suggest that good diffuser performance can be
obtained for any combination of these parameters over the ranges
investigated.

5. Studies of the available literature indicate that good diffuser
performance can probably be cobtained in vaned units for high-speed flow
as long as sonic conditions do not prevail anywhere in the diffuser.

6. Specific criteria for the design of the optimum vane configura-
tions developed are presented. The sallent features of these configura-
tlons eare: %l) The vanes are relatlively short and are located 1n the
vieinity of the throat; (2) the vanes are symmetrically arranged; (3) the
number of venes 1s chosen so that the individuasl-vene-passage divergence
angles are approximately 7.0°; and (4) the length of the vanes is chosen
so that the operation of each individual vane pessage 1s at or near the
line of apprecigble stall cbtalned in the high-turbulence water-teble
work.
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7. Menufacturing and positioning of the vanes are not critical, but
care must be exercised to avold disruption of the boundery leyer. Where
disruptions are unavoldable, the disrupting device should be removed as
far as posslible from the wall that it parallels, it should be stream-
lined, and it should be made with the smallest feasible dimensions nor-
mal to flow. :

8. Greatly improved diffuser flows result with the use of the vane
configuretions developed. At large asngles (30° and larger) the pressure-
recovery coefficient can be increased from about 0.38 in the unvaned unit
to sbout 0.70 in the vaned unit. The areas of separation can be greatly
reduced and the exit velocilty profiles can be very appreciably flattened.
(A twofold reduction in maximum efflux velocity is readily possible.)
Significent additional lmprovements appesr to be feasible by the super-
poslition of these optimum vane configurations with suitably designed vor-
tex generators placed at discrete locatlons throughout the diffuser.

Stanford University,
Stanford, Calif., May 2, 1957.

h
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TABLE T

LONGITUDINAL POSITIONS OF ALUMINUM WALL PLUGS

Distance from trailing edge
of aluminum plate measured
i[lozrlwe}: dngﬁgeigdpg 22 along inner surface of
sluminum plate, in.
(2)
1 26.000
2 25.667
3 25.333
)3 25.000
5 2l 667
6 24 .333
T 24 .000
8 25.000
9 22.000
10 21.000
11 20.000
12 19.000
13 18.000
1k 17.000
15 15.000
16 135.000
1T 11.000
18 9.000
19 T.000
20 5.000
21 3.000
22 1.000

8Tolerances on dimensions are +0.010 inch.

67
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TABLE II

NACA TN 4309

LONGITUDINAL, POSITIONS OF ALUMINUM

WALL PLUGS IN PLEXIGLAS SIDES

Hole number

Distance from lower edge
of plate, in.

(a)

O O~ O\\J FW i+

23,
22
21
20.
19
18.
7
16.
15.
14
13
12
11.
10.

H W U v o\0

.625
875

875
875

.875
.875
.875

875
.875
875
875

375

875
875

875
875

875
875

&Tolerances on dimensions are 0.

010 inch.
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TABLE IIT

FLOW CONDITIONS FOR DISCHARGE DUCT CALIBRATIONS

Number  Condition upstream of | Fan speed, | Mass flow rate, | Fan speed
diffuser throat rom 1b/sec Flow rate

1 Unobstructed : 650 3.39 1G2

2 Unobstructed 1,060 5.79 183

3 Unobstructed 1,610 8.85 182

4 “One-half area 1,600 6.42 0

symmetrically blocked ? 2>

. .
One-half ares
1,600 k.30 2
2 asymmetrically blocked ? 3 51

@The entrance flow area wes blocked by placing strips approxi-
mately 2 inches wide across the lipe of the diffuser diverging walls.
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TABLE IV
ACCURACY OF DATA

EUncertainties given in this teble have been estimated on the basis of
20:1 odds using the method of Kline and McClintock (ref. 11); uncertain-
ties are presented in terms of either an uncertainty intervel or a per-
cent uncertainty depending upon which is more appropriete for the qusntity
under consideration]

() Uncertainties in variables

Uncexrtainty
Minimum space between adjacent vanes, &, in. . . . . . . . .. 0.0L
Minimum space between diverging wall and adJacent vane,

b, in. .. « h e e e e 0.01L
Distance from throat to vane leading edge, c, in. . e 1/16
Vane length, £, in. . . e e .. 1/32
Distance between diffuser parallel walls, G, in._ C e e e e . 1/32
Length of diffuser diverging wall, L, In. . . . . . . « « + « .
Barcmetric pressure, Do, in. HE « v o v v ¢ v 0 Ve 0 w0 . 0. 05
Wet bulk temperature, Tyup, OF « v + v + v o v 0 o 0 v v o o o u 3.0
Ambient alr temperature, Tg, O v i e e T e e e e . 3.0
Diffuser throat width, Wi, in. . . . ¢ ¢ ¢ o o v o v v v 0 v 0.0L
Diffuser exit width, Wp, 1n. . . . . . v v v v v v v o 0. .. 1/32
Divergence angle between adjacent vanes, ., deg « « « & « « + 0.25
Diffuser total divergence angle, 28, deg e e e e e e e 6.25
Air viscosity, p, percent . . . . c e e e e e e e e 2.0

(b) Uncertainties in results
Uncertainty
Best cese|Worst case
Awbient alr density, pg, percent . . . . .. . . . .. 0.8 0.8
Throat-wall-pressure depression (average of six

reedings), py - Pyy s PeYCent .« ¢ 4 4 4 e e e e e . 0.2 3.9
Average inlet air density, P1, s Percent . . . . . .. 0.8 1.0
Weight flow rate, w, percent . . . . . . . « « o & « 1.7 2.9
Inlet Reynolds number, Rwl, percent . . . . . . s . . 2.6 3.5
Average inlet dynamic head, qlav’ percent . . . ., P 3.5 5.8
Exit pressure depression (average of four readings)

Pg - Ppy PEreent . . . . 0 0. 4. . . e e L.k 11.0
Pressure-recovery coefficient, Cpg, percent [P 1.2 9.2
Diffuser area retio, ApfAj, percent . . . . . . . . . . 0.k 0.4
Ideal pressure-recovery coefficlent, CPRideel’ _

percent . . . . . . e v e s e e e e e e e .. 0.03 0.03
Pressure effectiveness, np, percent e e e e e e e e 1.2 9.2
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TABLE V
DIFFUSER AND VANE GEOMETRIES
Maximum number of |Lengths of vanes
29, L/¥L venes in given tested, Rwl
deg | (approximate) cluster in. (approximate)
Phase I (approximately constant value of L/Wl)
42.0 8.0 5 3, 6, 9, 12, 15 2.4 x 102
28.0 8.0 I 3, 6, 9, 12, 15 2.4
4.0 8.0 1 3, 6, 9, 12, 15 2.4
16.8 8.0 2 15 2.4
21.0 8.0 3 15 2.4
2Lh.5 8.0 3 15 2.4
31.1 8.0 N 15 2.k
38.2 8.0 5 12, 15 2.
31.1 8.0 4 15 2.4
Phase II (constant included angle)
28.0 18 3 6 1.6
28.0 15 3 9 1.6
28.0 12 3 9 1.6, 2.4
28.0 10 3 12 1.6, 2.4
28.0 6 3 15 1.6, 2.4
28.0 L 3 1.6, 2.4

15

e
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TABLE VI

PERFORMANCE OF DIFFUSER WITHOUT VANES

26 Wi,
deg |in, | T/ A2/ 1b/§a £t Fu Crr | Tp
7.00 [3.00} 8.09 |[1.99 30.h | 2.49 x 10° | 0.662| 0.885
k.00 |3.00} 8.17 |2.96 29.5 2.45 765 .864
14.00 [3.00| 8.17 {2.96 29.8 2.42 7451 842
16.80 [3.00| 8.21 {|3.40 30.9 2.47 7311 .800
21.00 [3.00{ 8.26 |3.94 29.4 2.40 625| .668
21.00 | 3.00| 8.26 |3.94 29.0 2.35 41| .685
24.50 | 3.00] 8.30 | 4.43 29.6 2.37 567 .598
28.00 [ 3.00| 8.35 | k.94 29.0 2.39 L4371 455
28.00 | 3.00| 8.35 | 4.94 48.0 3.06 L4321 451
28.00 {1.33| 18.81 | 9.87 65.0 1.55 4851 489
28.00 }1.60| 15.66 | 8.36 k7.8 1.59 L6l 467
28.00 {2.00| 12.52 | 6.91 31.2 1.61 555 .566
28.00 | 2.00| 12.52 | 6.91 57.1 2.17 4581 467
28.00 {2.40| 10.44 | 5.91 22.3 1.66 611| .628
28.00 [ 2.40}| 10.44 | 5.91 50.7 2.49 4551 468
28.00 [ 4.00}{ 6.26 |3.95 7.61 |1.61 579 .619
28.00 {4.00| 6.26 13.95 16.4 2.36 1 .sh9| .586
28.00 | 6.00| 4.18]2.97 3.33 | 1.59 .533| .60L
28.00 | 6.00| 4.182.97 .47 | 2.39 Sl 613
31.10 [ 3.00| 8.38 | 5.44 30.5 2.4k STh | 387
35.00 | 3.00] 8.43 | 5.94 29.7 2.48 3871 .398
38.20 | 3.00} 8.u47]6.46 30.4 2.43 3751 383
42.00 {3.00] 8.52 |6.88 31.0 2.46 o4k ko2
4b2.0013.00] 8.52]6.88 30.9 2.46 362 369
42.00|3.00f 8.52]6.88 30.0 2.k 391 .399
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TABLE VII

PERFORMANCE OF

DIFFUSER WITH VANES

(a) 26 = 28.0% LWy = 8.35; W3 = 3.00 inches;

s M 20

hofhy = 4925 & = oy @ = 05

£, e, &, c q;,

in 12l in. | atg | 1. [F/2|P/e | Fm lb/éq er| CFR | D

3.00|1|1.50 [1k.00[0.28]2.00] 1.00|2.37 x 102| 29.0 [0.558(|0.582
3.00/1]1.50|14.00(1.22|2.00{ 1L.06|2.35 28.3 .570| .594
. 3.00{1(1.50{1%.00|1.67|2.00{ 1.12]|2.36 28.8 STl 598
3.00[{1(1.50(|1k.00{2.47|2.00{ 1L.25{2.2L 25.8 498 .519
3.00|211.00} 9.33| .94|3.00{ 1L.00{2.36 28.2 .618| .64k
3.00{2{1.00| 9.33]1.30|3.00{1.07|2.33 27.7 .623| 694
3.,00{2|1.00] 9.33{1.72{3.00( 1L.16(2.41 29.5 682 .711
3.00|211.00} 9.33{2.34{3.00{ 1.31|2.48 31.2 6871 717
3.,00{2|1.00| 9.33|2.65[3.00 1L.38]|2.42 29.8 .651| .679
3.00{3{ .75| 7.00]1.16|4%.00}{ L.00|2.43 30.1 703 .733
3.00{3{ .75] 7.00|1.47[4.00{ 1L.09{2.40 29.5 .708| .738
z.00(3| .75| 7.00|1.47 |4 .00PL.09]2.22 o5.2 |%.596| .621
5.00(3| .75 7.00[{1.84%|4.00f 1.19]2.41 29.7 7271 -758
3.00|3! .75) 7.00(2.16{4.001 1.30(2.kh 30.4 731 L7662
3.00|3| .75| 7.00}2.64|k.00| L.46]2.47 31.4 .720| .751
6.00|1[1.50|1k.00| .59|%.00{ 1.00{2.37 29.6 64| .668
6.00|1{1.50[14.00[{1.37|4.00{ 1.08|2.43 30.9 6491 676
6.00|1{1L.50|14.00|1L.75|k.00 L.14{2.39 30.0 .623| .650
6.00|1{1.50{14.00]2.19{4.00 1.21{2.43 31.1 .605{ .631

8myo distinect

patterns were obtained at this setting.
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TABLE VII.-~ Contilinued
PERFORMANCE OF DIFFUSER WITH VANES

(a) 20 = 28.0% L|Wi = 8.35; Wy = 3.00 inches; Ay /A = 4.92;

a8 = nwi 75 @ = nef T - Continued
£, a, &, C, ’
in. || in.| Geg | in. £/e [v/a Rwl lb?é& £t CrR ip
6.0012{1.00] 9.33(0.94 | 6.00|1.00{2.40 x 10°| 29.3 [0.702{0.732
6.00|2{1.00] 9.33|1.41| 6.00|1.10]|2.43 30.1 720} .750
6.00(2(1.00] 9.33]2.09| 6.00|L.26|2.41 29.6 719 749
6.00|2{1.00| 9.3312.59| 6.00[1.37|2.41 29.6 .659| .687
6.00(3 .75| 7.00[1.19{ 8.00|1.00(2.38 _ 29.6 .T29| .T760
6.00{3| .75 7.00{1.66} 8.00|1.15(2.38 29. 7361 .T67
6.00(3] .75| 7.00(2.25| 8.00|1.33{2.37 30.3 S5 783
6.00|3! .75| 7.00|2.87| 8.00{1.52[2.40 31.0 6131 .639
9.00|1{1.50{14.00| .62| 6.00|1.00]|2.39 29.6 665 .693
9.00]1{1.50{1k.00{1.34| 6.00|1.08|2.40 29.8 648 .6Th
9.00|1}1.50|1%.00]1.89 | 6.00|1.16(2.45 31.0 6511 .679
9.00|1{1.50f14.00(2.37} 6.00{1.23|2.40 29.8 .500} .521
9.00(2]1.00| 9.33]|1.03| 9.00|1.02{2.31 28.5 721 752
9.00|2|1.00{ 9.33[|1.56] 9.00[1.13[|2.39 30.1 .732| .763
9.00(2{1.00{ 9.33|2.09| 9.00]1.26|2.36 29.5 1371 . 768
9.00{2|1.00{ 9.33|2.59| 9.00|1.37|2.39 30.2 16| CTHT
9.00|3| .75| 7.00}1.16|12.00[1.00|2.40 29 .3 .738] .769
9.00{3| .75| T7.00(1.70|12.00|1.16]|2.40 29.5 JI51 783
9.00(3| .75| 7.00{2.30{12.00{1.35|2.41 29.9 768 .801L
9.00(3| .75] 7.00{2.75]12.00{1.48]|2.38 28.9 589 .61k
12.00{1|1.50f{1%.00| .66| 8.00|1.00|2.38 30.0 683 .712
12.00{1|1.50f14.00|1.31| 8.00|1.08}2.37 29.9 .665| .693
12.00{1|1.50[{1k.00|{1.91} 8.00[1.16[2.36 29.8 LBhTL 675
12.00|1}1.50{14.00|2.28| 8.00}1.22(2.40 30.7 626] .653
12.00{2}1.00| 9.33] .98{12.00|1.00{2.41 29.7 697( .727
12.00(|2} 1L.00| 9.33[1.39}12.00[1.09({2.39 29.3 JTL6) .T46
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TABLE VII.- Continued
PERFORMANCE OF DIFFUSER WITH VANES

(a) 26 = 28.0% L/W; = 8.35; Wy = 3.00 inches; Ap[A; = 4.92;

a=—L q=-20__ Concluded
n+ 1 n+ 1

£ a @ c g
N L N e R A A e Y R el
12.00|2{1.00] 9.33|1.97|12.00| 1.21l2.41 x 10°| 29.6 |o.7450.777
12.00|2{1.00| 9.33 |2.41|12.00} 1.32|2.41 29.6 7281 .759
12.00|3} .75 7.00|1.23{16.00| 1.01]2.37 29.6 L7501 782
12.00{3| .75} 7.00|1.69|16.00| 1.15{2.37 29.6 1661 799
12.00{3| .75] 7.00|2.09|16.00] 1.28|2.47 32.4 T751 808
12.00|3| .75 7.00(2.59(16.00| L.42|2.43 31.1 625( 651
12.00|4| .60| 5.60{1.42]20.00| 1.00}2.43 30.5 .639| .666
12.00{4| .60} 5.60|1.98{20.00| 1.22(2.39 29.5 688} 717
12.00{4| .60| 5.60/|2.39(20.00} 1.38(2.37 29.1 6991 .729
12.00{4| .60] 5.60]|3.03|20.00] 1L.64|2.41 30.2 LTUBLLTTS
12.00|4| .60] 5.60(3.03(20.00 [*L.64|2.41 30.0 | 2548] .572
15.00|1|1.50{14.00} .62}10.00| .99|2.k2 30.3 6861 .715
15.00{1{1.50{14%.00{1.3010.00| 1.07{2.43 30.6 6761 .T05
15.00{1{1.50|14.00|2.09|10.00| 1.19{2.45 31.1 .659| .687
15.00|2(1.00{ 9.33({1.03{15.00| L.02{2.34 29.2 703} 733
15.00{2{1.00} 9.33|1.47]15.00| 1.10|2.37 29.9 .T18] .748
15.00{211.00} 9.33{1.97{15.00} 1.22|2.40 30.6 153|785
15.00{2|1.00| 9.33{2.48{15.00{ 1.3k|2.36 - 29.7 6| .T78
15.00{3| .75| 7.00]1.22{20.00{ 1.00{2.41 29.6 JThe | LTTh
15.00{3| .75 7.00(1.65{20.00| 1.1k{2.42 30.1 L7571 .790
15.00{3} .75]| 7.00|2.27|20.00| 1.33|2.42 30.1 SITH] 807
15.00|3| .75] 7.00|2.77]|20.00| 1.49}|2.45 30.8 .598| .624

®Two distinet patterns were obtained at this setting.
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TABLE VII.- Continued
PERFORMANCE OF DIFFUSER WITH VANES

(b) 26 = 28.0% Wy = 3.00 inches; L[W; = 8.35;

W
Apfhy = 4.92; 2 ='H{£_i = 0.75 inch; n = 3;

f = 12.0 inches; o varlable

c, o, q;

1.25 |1.04 |14.00 {0.00 | 2.43 x 10° | 31.5 |0.223 }0.232
1.25 | 1.04 | 9.33| .50]|2.41 30.1 7181 749
1.2511.06 | 8.40} .67]|2.k2 30.2 1281 .759
1.25|1.04}{ 7.50} .87}|2.38 29.4 TR LLTTD
1.25(1.04| 7.00{1.00]2.38 29.5 2 | LTTE
1.25 1.0k | 6.50}1.25]2.39 29.6 45 | LTT6
1.25 | 1.0k | 4.67}2.00}2.39 29. 231 JTHh
1.91 {1.20| 6.00{1.33}2.38 29.3 602 | .627
1.91{1.20| 6.50{1.15| 2.40 29.7 763 .795
1.9 |1.20| 7.00|1.00] 2.35 29.4 763 | .795
1.91|1.20]| 7.50] .87]2.39 30.0 768 | .800
1.91|1.20| 8.00| .75]2.37 29.5 54| 786
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TABLE VII.- Continued
PERFORMANCE OF DIFFUSER WITH VANES

(¢) 26 = 28.0° Wy = 3.00 inches; L/Wl = 8.35;
A2/A.l = 4.92; £ = 12.0 inches; n = 3;

_ 28 _ o.
a._n+l..7.00,a. variable

c, &, b, 2a + 2b R Q ¢

tn. | in. | oo [T Wi 1b/§q oo | RO TP
0.62 {0.70 |0.69 | 0.93 2.41 x 102 30.6 0.711 { 0.741
L.05} .70 .77 .98 2.51 33.4 751 | 783
1L.50| .70} .86 | 1.04 2.4z 30.2 54| 786
1.94 | .70] .96 1.11 2.41 29.9 765 | 797
2.41 | .70[1.081] 1.19 2.43 30.6 752 1 784
1.05| .80} .67 .91 2.41 29.9 6 L .T778
1.55| .80 76 .98 2.41 29.8 TI57 1 790
1.95| .8 871 1.05 2.41 30.1 763 .796
2.35 | .80 96 { 1.11 2.41 30.4 .638 | .665




NACA TN L4309

TABLE VII.- Continued

PERFORMANCE OF DIFFUSER WITH VANES

20 = 42.0°% Wy = 3.00 inches; L[W; = 8.52;
Wi, 20

Apfhy = 6.88; & = =R9j @ = 50y

% 1S e/ |b/a Ry %, c 1
acg | 1n.|7/° |Y/ . 1b/sq ft sl
3.00{1]1.5021.00(0.68|2.00{1.00{2.4% x 10°| 30.3 |0.448|0.457
3.00|2{1.00{14.00} .95|3.00]1.00(2.41 29.9 .538| .550
3.00(2]1.00|14.00{1.17{3.00|{1.09|2.42 30.7 5231 .53h4
3.,00{2|1.00{14.00{1.67}3.00{1.17{2.3k 28.7 L6411 4Th
3.,00|2{1.00|1k.00j2.78}3.00[1.55]|2.40 30.0 .395] 403
3.00(3] .75{10.50(1.12 (4.00|1.00|2.39 29.9 .578] .590
3.001!3 10.50|1.44 {4 .00|1.12]2.39 30.0 .583| .595
3.00(3 10.50|1.80|4.00]1.28[2.35 29.1 .529| .540
3.001(3 10.50|2.77(4.00[1.71{2.33 29.0 388 .396
3.00(4] . 8.4011.27}5.00{1.00i2.k2 30.2 640 | .653
3,004 . 8.4011.39{5.00|1.07]|2.40 29.8 6411 654
3.00|41 . 8.4011.7315.00{1.23|2.40 29.8 661| .6Th
3,004} . 8.40(2.62{5.00|1.75]|2.40 29.7 517} .528
3.00151 . 7.00}1.44]6.00|1.00|2.37 - 28.9 6271 640
3.00(5! . 7.00|1.62|6.00(1.09|2.40 29.6 .639| .652
3,005} . 7.00}2.00{6.00{1.34]|2.39 29.4 5871 .599
3,00]5) . T7.00{2.6216.00{1.84{2.37 29.0 4301 439
6.00{1{1.50{21.00| .66|k.00]1.00|2.43 30.2 4581 468
6.00(2|1.00|1k.00| .89{6.00]1.00{2.43 31.1 619} .632
6.00|2|1.00{1k.00}1.451|6.00]1.11]2.31 28.1 5891 .602
6.00(211.00(|14.00}1.74[6.00|1.20{2.37 29.7 STh | 586
6.00}2{1.00{14.00{2.61}6.00|1.49{2.38 29.9 LhT) 456
6.00{3] .75110.50[1.14{8.00{1.00}2.4k3 29.8 662 | 676
6.00(3 10.50(1.39(8.00{1.09f2.49 31.2 680 .694
6.00|3 10.5011.80(8.00|1.24k|2.40 29.3 630} .643
6.00|3 10.50|2.6118.00(1.61{2.41 29.7 5501 .562
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TABLE VII.- Contlnued

PERFORMANCE OF DIFFUSER WITH VANES

3.00 inches; LW, = 8.52; Ay[A; = 6.88;

26 = 42.0% W,

(a)

Wi
n+ 1

- Continued

20

s o =
n+ 1

2

8 =

p

----------------------------

Q.l,
1b/sq £t
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TABLE VII.- Continued
PERFORMANCE OF DIFFUSER WITH VANES

(a) 26 = 42.0°% Wy = 3.00 inches; L[W1 = 8.52; As[A; = 6.88;

W
L. o =—29 _ Continued
n+1l n+ 1

f a a, c ., C
in. |7 in.| ace | 1n.| £/2 | ®/2) Py 1b/sq £6| TR | P

12.00[1|1.50|21.00(0.72] 8.00|1.00}2.50 x 10°| 29.8 [0.435[0.44k
12.00{1[1.50{21..00{1.36| 8.00{1.09|2.37 29.2 4561 465
12.00}1{1.50]21.00(1.94} 8.00|1.20|2.45 31.1 437 .4hT -
12.00(2{1.00(14.00} .97{12.00|1.01}j2.31 29.5 6881 .621
12.00|211.00{14.00|1.20}{12.00{1.06]2.32 29.6 .605| .619
12.00{2(1.00|14.00{1.72{12.00|1.20|2.34 30.0 .602| .615 -
12.00{2|1.00(14.00}|2.28}12.00(1.38|2.32 29.6 .550| .562

12.00|3} .75!10.50{1.16{16.00|1.00|2.36 29. .680| .695

12.00{3} .75110.50|1.44]16.00|1.09{2.36 29.5 .68L] .696

12.00{3| .75{10.50(1.67|16.00|1.18{2.37 29.8 686 .700

12.00|3} .75|10.50(|2.23{16.00|1.4k}2 .41 30.7 Bh2| .656 Rt
12.00|4] .60| 8.4011.27|20.00] .99]2.40 29.6 652| .666

12.00|4{ .60} 8.40{1.45|20.00{1.06{2.39 29.3 672 .686

12.00(4] .60| 8.40]1.81]20.00}1.24|2.38 29.1 689 .704

12.00|4| .60| 8.40]2.28]|20.00|1.51|2.40 29.8 .587| .600

12.00|5| .50| 7.00{1.50]|2k.00]|1.01}2.37 29.2 673 .688

12.00{5| .50{ 7.00(|1.64|24.00|1.10{2.39 29.7 .690| .705

12.00(5]| .50| 7.00(1.89(24.00|1.26{2.38 29.4 TO41 720

12.00|5| .50{ 7.00|2.36|24.00{1.58[2.41 30. .520]| .531
15.00{1|1.50{21.00] .72{10.00{1.00|2.41 29.7 431 440
15.00]1|1.50|21.00} .72/10.00}1.00]2.47 31.2 L4821 493
15.00[1{1.50(21.00] .9%{10.00|1.03{2.43 30.2 L4731 483
15.00]1|1.50{21.00]| .47]10.00|1.11|2.41 29.7 J49] 459
15.00{2|1.00{1%.00]|1.00{15.00|1.01}2.36 28.9 .605] .618
15.00|2[1.00|14.00(1.27]15.00]|1.08]2.36 28.9 618} .631

15.00| 2} 1.00{ik.00{1.55|15.00]1.15]2.39 29.6 6231 636
15.00f2{1.00|14.00{1.75]15.00{1.21]2.39 29. .610| .624
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TABLE VII.- Contlnued
PERFORMANCE OF DIFFUSER WITH VANES

(a) 26 = 42.0% Wy = 3.00 inches; L[W; = 8.52; A,[A, = 6.88;

Wi ., . _28
T Y=o Concluded

f’ a’ a’) C, q- J
in. |%|in. | aeg | in.| T/2 | b/a Buy lb/st et Crr | p
15.00{3(0.75]10.40|1.14|20.00|1.00{2.35 X 107 29.1 |0.678|0.693
15.00|3| .75/10.40|1.39|20.00|1.08|2.36 29.9 692| .707
15.00|3| .75({10.40(L.75|20.00|1.22{2.35 29.5 6931 .708
15.00( 3] .75/10.40|2.20{20.00|1L.42|2.36 29.9 635 .648
15.00| 4} .60{ 8.40]1.33{25.00/1.00]|2.38 29.5 659 .673
15.00| 4| .60] 8.40|1.48{25.00{1.12|2.39 29.7 678 .693
15.00{ k| .60 8.40(1.81|25.00}1.26{2.40 30.1 698} .713
15.00{ 4| .60| 8.40}2.28{25.00|1.53]2.37 29.2 .559| .571
15.00/5| .50| T7.00|1.52|30.00}1.00(2.35 29.3 B771 692
15.00{5| .50/ T7.00[{1.73{30.00{1.14]|2.36 29.7 699 .T1h
15.00| 5| .50} 7.00{2.06|30.00{1.36|2.37 29.9 533 545
15.00| 5| .50 T.00{2.37|30.00{1.56|2.36 29.5 507 .517
15.00{5| .50| T7.00|2.:05{30.00{1.3k|2.37 29.3 519} .530
15.00| 5 .50| 7.00/2.05|30.00f1.23|2.39 29.7 71| 726
15.00{ 5| .50f 7.00/2.05|30.00|1.23[{2.45 31.2 .598{ .610
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TABLE VII.- Continued
PERFORMANCE OF DIFFUSER WITH VANES

(e) 26 = 42.09; W1 = 3.00 inches; L[W1 = 8.52;
Wy
n+1
f = 15.0 Iinches; o variable

Apfhy = 6.88; a = = 0.50 inch; n = 5;

c, o, Q.

in. | /2| qeg | %o/® it w/sq zv | PR |
1.52 | 1.0L | 10.50 | 0:00 |2.47 x 10° 31.5 0.267 | 0.273
1.52 | 1.01 8.40 50 | 2.39 29.5 652 666
1.52 | 1.01 8,00 62 | 2.38 30. 667 681
1.52 | 1.01 7.50 .80 |2.40 29.9 682 .697
1.52 | 1L.0L 6.50 | L.23 | 2.39 29.8 .679 .694
1.52 | 1.01 6.00 | L.50 |2.35 29.2 579 .591
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TABLE VII.- Continued
PERFORMANCE OF DIFFUSER WITH VANES

(£) 26 = 42.0°; W = 3.00 inches; L[W; = 8.52;
Aohy = 6.88; £ = 15.0 inches; n = 5;

@ = n—a_?_—l- = 7.00°% a varisble
c, a, b, Q
in. in. in. ___ha ;}lab Rwl 1b /3;:1 £t CER Tp
1.48 10.53% | 0.431| 1.00 [2.37 x 10°] 29.5 |0.59% | 0.607
1.83 5331 533 1.07 2.37 29.4 .513 524
1.37| .533| .480| 1.03 2.42 30.8 584 | .596
1.94 | 533 | 57| 1.09 2.42 30.2 593 Sl
1.80| .533| .527| 1.06 2.41 30.1 Sl | 525
1.66 | .533| .473| 1.03 2.72 38.2 6921 706
1.66 | .533| .k73| 1.03 2.47 31.7 597 | 609
1.66 | .533| .473] 1.03 2.39 29.5 537 | 548
1.22| 475 772} lL.1h 2.2 30.5 5751 .587
87| 475 .66T| 1.08 2.38 29.6 LT L7322
68| 475 ] 609 1.0k 2.59 - 28.6 6761 .690
481 4751 545 .99 2.46 30.5 668 | .682
271 B30 475 .95 2.43 29.7 632 | .6L46
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TABLE VII.- Continued
PERFORMANCE OF DIFFUSER WITH VANES

(g) Tests to determine envelope of Cpgr; Wy = 3.00 inches;
W1

a_n+l’ b/a = 1.20

26 f, c, | a:

aeg |MMnl 1h. | 1h.| adg [/ B lb/i; o | R TP
16.8]8.21{1 {15.00 [0.72| 8.40|--—=]2.44 x 10°| 30.2 [0.766|0.838
16.8{8.2112 [15.00 [L.48] 5.60]1.00(2.43 1 30.0 LT451 815
21.0]8.2612115.00 (2.9} 7.00(1.00|2.40 30.3 LT .798
24.518.30{2 [15.00(1.02({10.50| .64{2.40 30.3 T CTT3
2k .5(8.30({215.00{1.02| 8.75| .87(2.39 - 29.5 751} 791
24.518.30(2.[15.00 [1.02] 8.00]|1.00}2.40 29.7 7551 .795
24.518.30{2[15.00 |1.02] T7.00}1.21{2.%0 29.8 .7T48} .788
24 .5/8.30{2115.00{1.02| 6.50[1.35(2.39 30.1 L1561 796
24.5(8.30{315.00|1.94%] T7.00| .71|2.37 29.7 .751] .791
24.5/8.30{3{15.001.9%| 6.50f .85|2.37 29.6 .759| .800
24.5{8.30(315.00{1.9%| 6.00{1.00{2.37 29.6 .761| .801
2k .5(8.30({3]15.00(1.9%| 5.60|1.14]2.38 29.2 7521 .792
2L .5{8.30/3{15.00|1.94} L4.67[1.57]|2.38 29.4 761 .80L
24.5/8.30({3|15.00{1.9%| 7.50| .60{2.39 29. .739] .778
31.1{8.38{4|15.00[1.81} 6.25| .99|2.37 29.7 .680] .703
31.1{8.38{3|15:00|1.75 7.77/1.00{2.43 _ 31.3 739 .76L
38.2{8.47|5{15.00]1.84| 6.33{1.00{2.48 31.7 584 .596
38.2(8.4715]112,00(1L.84} 6.33[1.00{2.39 . 30.3 | .695{ .712
38.2] 8.47{4{12.00|1.72| T7.60{1.00|2.3k 29.2 674 .690
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TABLE VII.- Concluded
PERFORMANCE OF DIFFUSER WITH VANES

(h) Tests with vanes selected by design criteria; 20 = 28.0%;

W :
= —t _ a,=n2_'e_l=7.00; b/fe =1.20; n =3

Wi, c, | & | % a4,

i | 2P i el [ T2 B fipjeq es| OB | e
1.33118.81|1.45(0.33} 6.00/18.00{1.61 x 105| 69.7 [0.721[0.728
1.60|15.66(1.53] .Lo| 9.00|22.50{1.58 47.6 07| .77
2.00|12.52|1.56] .50{ 9.00{18.00(1.53 28.3 706 .T21
2.00[12.52]1.56] .50} 9.00{18.00(|2.36 68.0 2kl LT739
2.50(10.44{1.73] .60]|12.00|20.00]2.35 46.6 Th5 | 766
2.40|10.44{1.73| .60{12.00{20.00|1.60 21.5 7381 .759
3.00! 8.35(1.57| .75|12.00{16.00|1.60 13.3 L7631 .795
4.00| 6.26]|2.14{1.00|15.00[15.00]|2.42 16.8 753 | .80k
L.00| 6.26]2.141.00{15.00|15.00{1.62 T.53 7535 .80k
6.00| 4.18|2.64{1.50{15.00|10.00{2.38 T.16 | .697| .786
6.00} 4.18]2.64]1.50]/15.00[10.00}1.62 3.34 | 67T] .T63
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TABLE VIII

SEPARATION PATTERNS

E‘.bch pair of squares repx Aiverging wells viewed looking out from irside diffuser; I = Intermittent
transitory stall; T = Fransitory stell; TIF = Transitory stall with intermittent fixed stalls;
FIT w Pixed stell with intermittent trensit stall; F w Stable fixed stell. For vansless diffuser:
Wy = 3.00 inches; LfWy ~ 8.0; Ryy ~ 2.4 X 1.:151_‘]

28, West East

deg Flow . wall wall
T.0 Yery steady Unstalled Unstalled
h.0 Quite steady }\‘ Unstelled

. Unsteady; faintly
16.8 audible oscillations,
not violent

4

Very steady strong
21.0 . pulsations; frequsncy, ‘
5 to b cps T - T
Quite unstesdy o
2.5 . intense aod violant 217
transitory stall

Ho separstion;
28.0 Fairly stesdy : b occasional
disturbances

No separationj
3.1 Tairly steady occasionel separation 'I'
on lower end

. Ho geparation;
35.0 Quite steady : P very minor
& disturbances
[ Xo separation;
38.2 Bteady P Yery minor
disturbances

t-f
i

‘|

k2.0 Yery steady
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TARLE IX
EFFECT OF VANE END CLEARANCE

(2) 26 = 42.0%; LW, =~ 8.0; Ry, = 2.k x 10%; £ = 15;
a =7.0% n=5; a=0.475 inch; b/a = 1.4 (for

these configurations (a. = 0.475 < wi l) the flows
n

were all fairly steady even though b/a > 1.2)

Description Cer.
Cluster against north wall, all clearance &t south wall 0.692
Cluster centered .T16
Cluster centered, both ends taped .T11

(b) 26 = 28.0% LWy ~ 8.0; Ryy ~ 2.4 x 10%; £ = 12 inches;
@ =T.0% n=3; a=0.750; b/a = 1.2

Description Cpr
Cluster against north wall, all clearance at south wall 0.766
Cluster centered .T6k4
Cluster centered, both ends taped .T63




88 NACA TN 4309

Figure l.- Typical vane instelletion. -
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Figure

1L-58-2660

2.- Water table used in work pf Moore and Kline (refs. 3 and 4).



(a) 20 =10°. LA = 8.2. (b) 26 =15°. LMW = 8.23.
No apparent stalls. Transitory stall.

Flgure 3.- Typical dye trace photographs. Inlet flow conditions, wall length, and throat
width are held constant. Photographs are from reference U.
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(¢) 28 = 70°. LWy ~ 8.30. (@) 20 = 90°. LA ~ 8.30.
Fully developed stall. Jet flow.

Figure 3.- Concluded.
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as Line of apprecisble stall
b Transition between transitory and two-dimensional flow
cc Transition from two dimensional to Jet flow

dd Transition from jet to two-dimensional flow

-~ Low turbulence ——— High turbulence
Jet flow
200} -
AR
150r V4
///// > Hysteresls zone
10
82' T
el ———
4
60— B, <
oy Two-dimensional
\\\\\\\\\\ separatlion
b
\ \
oof—h > X
a{ ~ ~ \
~N ~
\ ] ~ - o I <
\ ™~
\\Q§g> IR Large transitory
1 ‘\\“\ stall zone
\\
\
~o }a—-—-—-
o apparent
separation
4 8 25

16
L/Wy

Figure 4.- Regimes of diffuser flow (ref. 4).
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(b) Southeast view (guerd rail removed).

Figure 5.- General views of apparatus.

1.-58-2661

95
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@) piftuser van1

(®) End view of two-dimensional plemim chamdver
@ I3-bank, two-reservoir, baok-light mancmeter
(D) operating plstrorn

@ Large plenum chasber

() Daxping dcreen (across flow in &

@) ren suction

Internal beffle to cbtain duct symmetry

® 12 -ty 15§ -10cn o 15-inch etrcle

@ J.,i-‘-by J.%-inch straightener

(®) Fiov-rate-setting recometer
(© 1- by L- Dy 3-inoh stratghtener
(® Four total-besd probes (90° intervals)
N @ Static-pressure tap
@ pischarge diifuser
® " (@ Plextglas parallel side vall of diffysar . ) -
— © @ naxtrle jotot betvaen Ufruer vall ant (B ’ |
M (@ atrtight 3Taing cover )
(@ Operibing Fob for extt total-neat rare

(®) Li-prove sfustadle total-head rake ’ _
2 ® @ Drive sbafy from ddrectecurrant motor to fgn B .

'3'_ 1/16_"—

—17r-1"

=

1

R -6

(a) Sside view.

(b) End view.

Figure 6.~ Schematic view of test apparatus.
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Southwest oblique view showing
general arrasngement.

L-58-2662

(e) Pillow block and shaft detail.

Figure T.- Close-up views of apparstus.



A

§// |

Diffuser wall

"O"—rings

Machine screw

(a) Fitting open to surrocundings.

4

Ad justable
v collar to
position brass

plug

\ 1/8 inch-diam.

brass plug

(

§ 7
s A

96

Positioning

/ collar

L mangmeter

it

77

7

%

(b) Closed with brass plug (normal condition).

Figure 8.- Alumimmm pressure tap fittings.

) Fitting used as static-pressure tap.

(Probe positioning mechanism .
not shown) !

Q—-— To

(4) Fitting used for probe access.

manometer
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(a) Three-inch center vane (c) Top view of typical 3-inch odd-number
end detail. vene assembly.
T
. \V
¢r
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Y
(b) Three-inch side vane (d) End view of typical 3-inch
end detall. three-vane mesembly.

Figure 9.~ Typical vane sssemblies.
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" (e) Iong center vane end detail

—
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(f) Long side vane end detall.

L
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0
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(g) Top view of typical assembly of

?

(1) Dummy end

for vane
assembly.

long even-numbered vapes.

() End view of typical assembly of
long even-mumbered vanpes.
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(a) Assembly of odd-numbered
long vanes.

(b) Assembly of even-numbered
long vanes.

L~58-2663

(¢) Even-numbered vane assembly with modified holder mechaniem.

Figure 10.- Typicel vane-cluster assemblies.

oSy NI VOUN




100 NACA TN 4%09

L-58-2664
(2) End view showing five 12-inch vanes installed in diffuser.

F

Oblique View Top View

(b) Vane-cluster supporting hooks.

Figure 11.- Typicael vane installstion.
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1.20
Potential solution
— (V/Vg)
1.10
\og \
' T~
1.00R—4v/ve = -
1 Difference due to
= "wall effect" on
= 90 large probes 5.0
(a - q)

.80

N i’ (pg - p)
<70 \ 1.0

S
'68 % 5T T ET1°

Distance from wall, in.

Pressure, in. H;0

(a) Vertical planes parallel to diffuser side walls;
28 = 7.0°.

Figure 12.- Inlet velocity and pressure profiles. W1 = 3.00 inches;
for constant totel head, q - Q¢ =P - Pg-



V/Ve

1.20) Potential solution
(V/V,)
o ' 2
1.10 l 1.05 ' -
\\. h
1.00 . / T ) 1.0l =t ’5\.,,_ \t
Typical (V/V) o /PH
profiles with 5-15" S -
vanes [
o
'90 ! 3-0 3\ 097
-
[ (p, - 1) .
B0 (L 2,09 g3 _
qQ - o) g |
N — * " 26 Ry
§ A 7.0 3.0 x 107
7 1.0 2 .89
] .0 3.8
\\ o 2.0 2.4
n6 Tam O 085
"0 LW 3 .5 W7 W9 1.1 1.3 ¢ o] 1.0 2.0 3.0 4.0
Distance from wall, in. Distance from wall, in.
(b) Verticel planes parallel to diffuser (¢) Vertical center plane perpendicular

side walls; 20 = 42.0°.

to diffuser side walls.

Figure 12.- Concluded.
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L-58-2665
(2) Boundsry-lsyer traverse mechanism installed in the diffuser.

\' 4

(b) Schemstic diagram of boundary-layer probe.

Figure 13.- Boundary-layer traverse.
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N ¥, in. y‘: in. -
4 _] 3 L0 Nell! :
W54 |-2E O3 —with trip =] -0
6 - -1 .02} No trip —. .02
ol 0
y 4}
~ e
View looking 0 = G a »
down on throat 0 5 1.0 0] 5 1.0
V/Vmax V/Vmax
(a) Location W-5. With no trip, (b) Location E-2. With trip; 20 = 7.0%;
26 = 7.0°; &% o 0.006h 4in.; s*-ooo79m.,-a**-o.oo;1m.;
8% = 0.0036 in., amd B-:L'ra; -155 Dashed line indicates
with trip, &* = 0.0082 in., 1/7 1aw
B%% = 0.0053 in., snd E = 1.55.
¥y, in. ¥, in, ¥, in.
> ®
.04 .04 } ol ]
.03 .03 l ooalf 7[
.02 02k .02 ;__
° Ol 7'1 .Ol /O/’l .Ol /J_:]
0] __-? (g_‘V
D 1.0 OQ D la D 1.0
V/Vmax V/Vmax V/Vma X

(e} Iocation W-k. With trip; 20 = 7 0% (a) Location E-3 With trip; 29
&% = 0.0058 in.; 8% = 0.0039 in

H= 1.49.

&% = 0.007h in
H = 1.72.

.3 &% u 0.004%

Figure 14.- Inlet boundary-layer profiles.

LMWy ~ 8.0; RWl ~ 2.4 x

10°.

= 7.0 (e} Location W-6. With trip; 20 = 7.0%;
in.;

8* w 0.0086 in.; B** w 0,00%% in.;
H = 1.59.

W, = 3.00 inches;
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N v in y, in. o
W5 2> E .03 > <03
6 - 1 .02 .02
5 .01 .01
oy
View looking 0 /d o] DIE= ol
V/Vmax V/Vmax
(£) Iocation E-1. With trip; 20 = T7.0%; (g) Location §. No trip; 20 = T.0°;
& = 0.0067 in.; 3™ = 0.004T in.; & = 0.0046 in.; B** = 0.0025 in.;
H = 1.43. H=1.77.
¥y, in. y, in. ¥y, in.
- 008 T .O - J\ . 08
r 1 J‘P
- 06 0 - O l . 06 J)
.OLI' L4 OLI % e OLI'
.02 . .02 { | .02
0o - «5 1.0 0. «5 1.0 O «5 1.0
v, max v/, max V/Vmax
- (k) Location W-k. With trip; (1) Location W-5. With trip; (J) Location W-6. With trip;
26 = 52.0°; B* = 0.0099 in.; 20 = 42.0°; 8% = 0.0083 in.; 20 = 2.0°%; B* = 0.0082 in.;
&% = 0.0069 in.; K = 1.h%4. 5% = 0.005T in.; H= 1.46. 8%*% = 0.0055 in.; E= 1.k9.

Figure 14.- Concluded.



u' /U, percent

Turbulence intensity,

3.0
/‘:f/a/
2,0 /
}Jﬁ
-
1.0 53/0
0_
0 1.0 2.0 5.0 50 5.0 | 0.0 7.0 .0
| 1 |
Diffuser mass flow rate, lb/sec
o i 82 1.23  1.64  2.05  2.46  2.87  3.28 x 10~

Figure 15.- Turbulence intensity plotted against flow rate.

parallel walls.

Throat Reynolds number, Rwl

20 = 7.0Y; Wy = 3.00 inches;
LMWy = 8.0; intensity meesured in center of throst; hot wire normal to both flow and

901
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——
>
-

—
——
3
3
2
S

® ®

P15 Vi, P1 Pos Vo, Po

vy, Tyy 31 Vos Tos dp

Figure 16.- Ideal one-dimensional flow.

*

.28\

.26

Cer/CpR
/

24 P\\\<
\\\\\N\‘\\
\\
.22
1.0 i.2 1.4 1.6 1.8 2,0

Exit pressure b2
Inlet pressure’ b1

Figure 17.- Ratio of Cgr to Cpgr for one-dimensional adisbatic flow
of air.



28, deg

Totel included angle,

20,

Flow condition

Local stall condition

————— High turbulence k2.0

§ ————— Low turbulence 38.2
\{ 35.0
\\ | E \\ 31.1

28.0

2h.5

16.8
4.

7.0

Very steady
Steady

Quite steady; sssentially
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Figure 18.- Comparison of present diffuser performence and flow regime dats of reference 4.

ea indicates line of apprecisble stall; bb indicates transition between two-dimensional

and three-dimensionsl separstion.
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Filgure 19.- Veneless diffuser pressure recovery and effectiveness.
figure 18 for description of flows at angles marked by data point

conditions. LMW ~ 8.0; Wy = 3.00 inches; Ry, ~ 2.k x 10°.
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Figure 20.- Pressure recovery plotted against b/a ratio for vane. 20 = 42.0%;

W1 = 3.00 inches; L/Wy = 8.0; Ry, = 2.4 x 105; a = L a = 22
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Figure 20.- Continued.
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(e) £ = 9.00 inches.

Figure 20.- Continued.
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(d) £ = 12.0 inches.

Figure 20.- Continued.
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Fixed stall

(a) Unvaned diffuser: steady flow; two-dimensionsal fixed stall; poor
recovery.

Transitory l
stall

(b) A near-optimum veaned diffuser: steady flow; symmetric tramsitory
stall with some fixed stell; good recovery.

Figure 2l.- Comparison of separation patterns. 26 = h2.0°.
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Figure 22.- Pressure recovery at optimum vane location. 20 = L2 .0%;
Wy 26
Wi = 3.00 inches; L/WL = 8.0; Ry, ~ 2.4 x 10%; a = o= —

Solid symbols indicate (f/a) for high turbulence from figure 3.
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Flpure 23.~ Pressure-recovery coefficlent
plotted against vene angle. 20 = 11-2.00;
Wy = 3.00 inches; LMW, =~ 8.0;

cn= AL g 20
Rwlme.ll-x105, R R |
f = 15.0 inches; 1.05 < b/a < 1.7;

o 1is a discrete verisble.
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Figure 24.- Pressure-recovery coefficient

plotted againet relative vane angle.
20 = 42.0%; W) = 3.00 inches;

L/Wy = 8.0; Ryy ™ 2.k x 10%;
f = 15.0 inches; n = 5; bfa = 1.01;

Wy
= 0.5 inch.
n+1l
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Figure 25.- Pressure-recovery coefficient plotted against ratio of vane
inlet area to diffuser inlet srea. 20 = 42.00; Wy = 3.00 inches;
L/Wy =~ 8.0; £ = 15.0 inches; n = 5; a = 7.0%; Ry, = 2.4 x 10°.
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(a) £ = 3.00 inches.

1.5

Figure 26.- Pressure-recovery plotted against b/a ratio for vane.

20 = 28.0°; Wy = 3.00 inches; L/Wy =~ 8.0; Ry; =~ 2.4 x 103;

f = 3.00 inches; a =

W1

—_—_:a =
n+ 17

20
n+ 1
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(b) £ = 6.0 inches.

Figure 26.- Continued.



6T

NACA TN L4309
-~- Unsteady fiow
.90
.80 5
// \IJ( v
—1 |l at— T+ P ~—_] \
g .70 il n=2__/ 2N
S \
O |- e
o) ~—1©
) \
.60 N e
\\
\
.50 \
g—— Vaneless diffuser
Lo | l | .
1.0 1.1 1.2 1.3 1.4 1.5

b/a

(C) f = 9.0 inches.

Figure 26.- Continued.
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Figure 26.- Continued.
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Figure 26.- Concluded.
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Figure 27.- Pressure-recovery coefficient at

optimm vane location. 26 = 28.0°%;
W, = 3.00 inches; L/W; =~ 8.0;

W 20
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Figure 28.- Pressure-recovery coefficient |
plotted sgainst vene angle. 26 = 28.07;
W, = 3.00 inches; L/W; =~ 8.0;

W1 28
2.0 x 107; & = s Q= ;
Ry ? n+ 1’ n+ 1
£ = 12.0 inches; b/a = 1.2 o is 8
discrete varlable.
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Figure 29.- Pressurearecovery coefficient plotted sgainst relative vane
engle. 20 = 28.0°; Wy = 3.00 inches; L/W; ~ 8.0; Ryp = 2.4 x 105;

W
f = 12.0 inches; n = 3; a = 1 _ - 0.75 inch.
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Figure 30.- Pressure-recovery coefficient plotted against ratio of vane
inlet area to diffuser inlet area. 26 = 28.0°,' Wl = 3.00 inches;

L/Wy ~ 8.0; Ry; = 2.4 x 10%; £ = 12.0 inches; n = 3; a = 7.0°.
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Figure 31.- Curve of veane angle nearest 7.0°. o =
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Figure 33.- Pressure-recovery coefficlent plotted agsinst relstive vane
angle. 20 = 24.5°; Wy = 3.00 inches; L/Wy ~ 8.0; Ry, ~ 2.4 x 107;
W1

f = 15.0 inches; b/a = 1.2; a = .
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Figure 34.- Pressure recovery coefflcient plotted egainst diffuser -
length ratio. 20 = 28.0°%; I, = 24.0 inches; venes selected by
design criteria. : .



1%0 _ NACA TN 4309

1.00

" —
N " PRideal
.80 J>§\\

.40

'Eﬁ //i/’ \\SL — —
~ / CPRvaned
$§ .60 ananeless~
Lo IAA L
53 / CPRyaneless A
P
&

44:;1—~’J ' _'ﬁivaned

0

N~
HLvaneless ‘7 | T
«20 {
0

10 20 30 4o 50
20, deg

(a) Constant inlet conditions. Wy = 3.00 inches; L/Wy =~ 8.0;
Ry, = 2.4 x 10°.

Figure 35.- Diffuser performance curves for vaned and unvaned units.
Vanes selected by design criteris.
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(b) Two inlet conditions. 26 = 28.0°; L. =~ 24 inches; ( ) = Ry, X 1072,

Figure 35.- Concluded.
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Figure 36.- Dimensionless exit velocity contours Vp/Vpy; at 20 = 16.8°.

(b) No vanes.

View looking upstream.
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(a) With venes. =n = 3; f = 15 inches.

West

(b) No vanes.

Figure 37.- Dimensionless exit velocity contours V2/V21 at 20 = 24.50.
View looking upstream.
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Figure 38.- Dimensionless exit velocity contours V2/V21 et 20 = 31.100.

View looking upstrean.
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(a) With venes. n = 5; £ = 9 inches.

West

* East

(b) No vanes.

Figure 39.- Dimensionless exit velocity contours szvai at 26 = L2.0°.
: View looking downstream.
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